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Author’s preface 


It is hardly surprising that the Apollo programme, which was lauded as one of 
humanity’s greatest achievements, should have spawned a vibrant niche in 
publishing. In the wake of the missions, innumerable books commemorated the 
flights of the Apollo crews as publishers took advantage of the public’s interest. But 
then, within ten years, the story was held to be less fascinating and new books on 
Apollo became increasingly rare. 

Things began to change, however, beginning with the twentieth anniversary of the 
first manned landing on the Moon in 1969. A generation who had watched Apollo 
on their parents’ television screens with wide-eyed wonder had grown up and taken 
the reins of society. To them and those who were born after the landings, the 
programme became the product of the previous generation and, at this point, 
retrospectives began to appear. Apollo is now written as history rather than as 
current events. However, much that has become available concentrates on the 
programme’s conception and on those who transformed it from engineers’ dreams 
into a superpower’s goals. A particularly popular sub-niche is the astronaut 
biography, a somewhat variable collection of tomes that do much to relate the story 
of humanity’s only foray away from the grip of planet Earth. Other volumes relate, 
in varying levels of detail, what the intrepid explorers actually did during their far 
too brief spells on the surface of another world. 

Remarkably few books discuss the practical aspects of how the voyage from the 
Earth to the Moon was achieved. The genre seldom describes the equipment that was 
used; nor does it relate the procedures and techniques that allowed the Apollo crews 
to accomplish their audacious task: in general, historians are not concerned with 
how a feat was achieved technically. Instead, Apollo’s written history comes in three 
dominant types: (1) the experiences and interrelationships of the people involved, 
(2) the political and social milieu in which they operated and (3) the polemic and 
ranting of those who are doing the commentating. This is all well and good — to a 
point. The same applies to the modern media. The details of how something was 
achieved are considered to be the realm of the ‘geek’ or ‘nerd’, and the general public 
are thought, at best, to be disinterested in science and engineering, or at worst, 
incapable of understanding such rigorous topics. 
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One particularly thoughtful television programme of the late twentieth century 
looked at the conflict between reporting as the dissemination of facts, and reporting 
as the telling of human interest stories. Produced by actor Tom Hanks, the series 
From the Earth to the Moon bravely dramatised the entire sweep of the Apollo 
programme and included an episode about the flight of Apollo 13, a mission that has 
become a byword for human doggedness and ingenuity in the face of overwhelming 
challenges. Rather than remake a story that had been well told in an earlier cinema 
release, the writers concocted a battle of wills between two characters — an older 
journalist who took the trouble read up on the technicalities and complexities of the 
mission and who cleverly and clearly did his level best to explain them to the public; 
and a young, upstart reporter whose mantra was human interest and who would not 
be seen reading the spacecraft’s checklist or NASA’s official press kit. A line from 
the upstart makes the case for the modern view. “You think America wants to know 
about PC burns and passive thermal rolls? That’s not news, man. That is ‘Sominex’.”’ 
Sominex is a sleeping pill. He perceived an America that neither understood nor 
cared about science and had little interest in engineering niceties. What they wanted 
to read about was the emotional state of the families of the stricken astronauts. 

But in the age of the internet, this uninformed public is swimming in an ocean of 
information, much of which is of dubious accuracy. Among this deluge of ideas is 
one that tests their understanding of historical truth. In recent years, whether for 
financial gain or just as a pseudo-intellectual prank, people have taken to 
questioning the veracity of Apollo’s greatest achievement. Websites abound that 
mock the very idea of America having achieved moonlandings in the 1960s and 
1970s. They pick spurious holes in the historical record and rely on the ignorance of 
the public at large, feeding on a distrust of big government in order to sell books and 
TV to a section of society that savours and favours mammoth conspiracy theories. 

The fact that one of the best documented events of history could be considered to 
be a hoax thrives partly because so few people actually know how the feat was 
achieved, or how the most basic laws of physics express themselves beyond the 
surface of our planet. I once spoke with a head teacher — an educated man in charge 
of over a thousand teenage pupils — who could quote Shakespeare as knowledgeably 
as he could discuss football. I asked him why the crews on board the Space Shuttle 
were seen to float about the cabin. “Because there’s no gravity in space, of course,” 
was the reply. At the time, I didn’t have the heart to enquire of him what kept the 
Moon in its orbit around Earth. I wasn’t trying to mock him but I wanted to 
understand the extent to which concepts derived from basic science were understood 
by the public. I soon learned that ignorance in science and engineering appears to be 
the norm. 

The provocative suggestion that the Moon landings were faked is what 
evolutionary biologist Richard Dawkins would call a successful meme. Like the 
gene, it is self-replicating; an idea that has the requisite characteristics that allow it to 
sustain and be passed from one credulous mind to the next — carried forward because 
it can easily replicate through a population who are largely scientifically illiterate. 
Distorting facts to support a false theory is a straightforward exercise, especially with 
a sprinkling of pseudo-scientific jargon, when the audience lacks the tools, and often 
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the inclination, to examine them critically. To refute these false tales requires 
intellectual rigour and a well-grounded knowledge of the physical world, the 
possession of which would likely inoculate a person from taking such claims 
seriously in the first place. One of my motives for writing this book was to provide a 
little of the knowledge that might help to refute the absurd assertion that Apollo was 
faked. 

Another reason behind the book was a desire to share something of my own 
personal journey in reaching an understanding of how this wonderfully audacious 
adventure was achieved. Like so many of my age, Apollo happened at an 
impressionable time in my life. I was only just old enough to realise that a flight to 
the Moon would be an incredible, fantastic thing to attempt; at which point, I 
watched America promptly realise that dream before my eyes. The enchanting, 
almost primeval sense of wonder that this adventure left with me transcends its 
grubby, political roots, and has never really departed with childhood. Then the 
arrival of the internet in our household, soon after the 25th anniversary of the 
Apollo 11 landing, blew pure oxygen over the embers of this fascination. It lit a 
vigorous fire because, for the first time, I could find material that explained in great 
detail just how this difficult endeavour was executed. Equally important was being 
able to connect with others who had been similarly touched by Apollo, eventually 
having the honour to link up with some of those who were lucky enough to have 
taken part. 

This book and my personal journey through Apollo, discovering how it all 
functioned and what happened on another world, owe an endless debt of gratitude 
more to one man than to any others I have encountered along the way. Geographical 
distance has so far prohibited me from having the opportunity to shake his hand and 
thank him personally, as he lives on the other side of the world. Yet the internet 
allows me to count him as one of my closest friends. Eric Jones took on the 
monumental task of compiling a journal of the first era of lunar exploration after he 
became frustrated at how his country had shelved the lessons learned after they had 
spent billions of dollars going to the Moon. Inspired by J. C. Beaglehole’s journals of 
Captain James Cook’s explorations 200 years earlier, he recounted and explained 
every moment the Apollo crews spent on the lunar surface. By making his efforts 
freely available on the internet, I and people from around the world came on board, 
adding our time and talents to make the Apollo Lunar Surface Journal website one of 
the most remarkable historic documents from the twentieth century. 

My chosen role was to extend the journal to include the flying portions of the 
missions — the journey to the Moon, from the Moon and the time spent in orbit 
around it. Taking Eric’s work as my model, I set out to explain what was occurring 
moment by moment, and while doing so, I learned more than I could have imagined 
about how, at a broad level, the Apollo jigsaw fitted together. This book is my 
attempt to pass on this knowledge to a wider audience. 

Most of the book will take the reader through the various stages of the Apollo 
flights, from before their spectacular launches at Kennedy Space Center in Florida to 
the decks of the aircraft carriers that recovered the crews from the Pacific Ocean a 
week or two later. For newcomers to the subject, I have devoted the first two 
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chapters to an outline of Apollo’s genesis and achievements; and have included a 
bibliography at the end of the book that will provide years of excellent reading for 
those who wish to delve further. 

This is the tale of how Apollo flew to the Moon and how the United States of 
America brought together the finest of its people and skills to achieve a dream as old 
as the human race, to turn the ancient light in the sky into a world to be explored. It 
describes the efforts involved not only in successfully flying to the Moon, but also in 
returning safely, to provide knowledge and a new perspective on the human position 
within the cosmos. 

It may be appropriate to mention here a few points on general terminology, as 
American engineers, scientists and technologists have a habit of constructing long 
descriptive names for their ideas and systems, which they promptly shorten to an 
acronym. Their use of the resulting words and phrases then settles into a form that is 
often chaotic and contradictory. In this book, I have been unable to avoid filling the 
text with some of the same arcane acronyms that clog up so much discussion of 
technical matters. However, many that I have used are so ubiquitous in the Apollo 
story that they will soon be seen as old friends, and readers will be well served by 
making them a familiar part of their vocabulary. Notes have been included in the 
glossary in order to point out the various and inconsistent ways in which acronyms 
were pronounced. 

Through my own science and engineering education, I have a bias towards the use 
of SI units and, as a result, those units have been used throughout the book. This is a 
controversial path to tread as it is often pointed out to me that those who carried out 
the achievement used ‘English’ or ‘Imperial’ units, and that it would only be proper 
for books on the topic to do likewise. This argument holds no more weight for me 
than the suggestion that books on Egyptology should exclusively be written in 
cubits. SI is the dominant system of scientific and engineering expression in the 
world. NASA began to use it for its science publications in 1970 and even Apollo’s 
onboard computer did its internal sums in metric. It therefore seems appropriate to 
explain Apollo in units that will have the widest possible understanding. Where 
English units are used in dialogue, a suitable SI equivalent will be near at hand. 

So here’s my book, and I hope you like it. 


W. David Woods 
Bearsden 
Scotland 

January 2011 
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Foreword 


Early on the morning of 26 July 1971, the crew of Apollo 15 in the good ship 
Endeavour with its cargo (the lunar module, Falcon, and Lunar Rover-1) departed 
Earth-space for the Hadley-Apennine landing site on the Moon. 

The expedition had actually begun 20 months previously and required more than 
100,000 people to prepare the launch vehicle, prepare the three vehicles, prepare the 
spacesuits, gather up equipment, provisions, and instruments, and generally plan the 
three-day exploration of the mountains of the Moon. 

Just over ten years had passed since May 1961, when President John F. Kennedy 
committed the United States to “landing a man on the Moon and returning him 
safely to Earth’. During this period, twenty five US manned space missions had 
been flown (Mercury, Gemini and Apollo) — nineteen in Earth orbit, three around 
the Moon, and three to the lunar surface. 

The crew of Apollo 15 was now embarking on the next phase, the first extended 
scientific exploration of the Moon. NASA termed it “‘[one of] the most complex and 
carefully planned expeditions in the history of exploration.”” Only two more such 
missions were to follow, then there would be a hiatus lasting several decades, maybe 
even longer, before humans would once again set foot on the Moon. 

I was the commander of the Apollo 15 mission. Jim Irwin accompanied me down 
to the lunar surface in Falcon while Al Worden looked after Endeavour in orbit. The 
planning and preparation for our mission had been so thorough that there was no 
doubt in our minds that we really knew “how to fly to the Moon” — and to do so in 
any conceivable situation. But as “we” (all 400,000 people working on the Apollo 
program) had learned during the many preceding missions, flying to the Moon and 
returning to Earth (successfully, that is) is very, very difficult. So, just how did we 
actually plan and prepare for this extraordinary adventure — how was our Apollo to 
fly to the Moon? 

The Apollo program was implemented through five sequential tasks that evolved 
during two overlapping phases — perhaps the ‘““ABCs”’ of how to fly to the Moon: 


Phase 1 
A. Adopt a method by which men could fly to the Moon and return safely. 
B. Build the spacecraft and ground facilities to implement the method. 
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C. Develop the techniques and procedures to accomplish the mission. 
D. Select and train the astronaut crews (the vital link between B and C). 


Phase 2 
E. Upgrade the capabilities of the entire system to maximize the technical and 
scientific results of the Apollo phase of human lunar exploration. 


In 1967 mission planners at NASA introduced an alphabetic nomenclature by 
which to describe where individual flights fitted into the overall scheme. This started 
at “A” with unmanned tests of the Saturn V launch vehicle and worked through a 
series of missions of progressively greater operational capability, finally reaching 
“G”, which was the Apollo 11 lunar landing, and ““H” for a number of follow-on 
missions. These constituted Phase |. Missions flown during Phase 2 were intended to 
maximize the science objectives, and were designated “J”. Apollo 15 was the first 
such mission. 


A. ADOPT A METHOD 


To pursue President Kennedy’s challenge, NASA defined three methods of achieving 
a lunar landing and safe return: (1) direct ascent from the surface of the Earth to the 
surface of the Moon; (2) rendezvous of all of the mission elements in Earth orbit and 
then proceed directly to the lunar surface (EOR); and (3) fly into lunar orbit and 
send down a specialised lander while the mothership remained in space, then 
rendezvous upon lifting off from the Moon (LOR). In June 1962 it was decided to 
use LOR. Thus “‘rendezvous’’ became the key to the method. Actually, at that time 
LOR was seen as the most hazardous option — we had not yet attempted a 
rendezvous of any type, even in Earth orbit (the first would not be for another 3'4 
years), much less around the Moon, 240,000 miles away, where, on the far side, there 
was no ground tracking nor any contact with the engineers in the Mission Control 
Center. But LOR drove the design of the entire lunar landing “‘system” — spacecraft 
(hardware and software); ground facilities, and in particular the resulting complex 
flight operations, techniques, and procedures. 

To illustrate the necessary complexity of this method, ten distinct phases of a 
lunar surface mission were defined, each operating in a different domain: (1) launch 
from Earth; (2) Earth orbit; (3) translunar (and later trans-Earth); (4) entry into 
lunar orbit (and later departure from lunar orbit); (5) operations in lunar orbit; (6) 
descent to the surface and landing; (7) surface operations; (8) lunar ascent, (9) lunar 
rendezvous; and (10) Earth re-entry. 


B. BUILD THE SPACECRAFT 


Eight different “‘vehicles” were designed and built: three stages of the giant Saturn V 
launch vehicle; four spacecraft modules (command module [CM], service module 
[SM], together forming the CSM; and the lunar module (LM) with its descent stage 
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and ascent stage); and on the lunar surface, the lunar roving vehicle (LRV), the 
spacesuit, and its backpack with oxygen, cooling and communications. They were all 
required to perform an advanced Apollo lunar surface mission. 

To provide operations, support, and supply, each of the four spacecraft modules 
required several major systems, including specific combinations of guidance and 
navigation, electrical, communications, control (rockets), environmental, sequential 
(pyrotechnics), and consumables (propellant, water, cooling). Of course each system 
itself consisted of several subsystems and a myriad of components. These essential 
systems had twenty-five modes of operation (automatic, semi-automatic, and 
manual for both prime and backup systems). 

Additionally, Apollo was the first flight vehicle to be controlled through a digital 
computer (a “digital autopilot”, or DAP). This remarkable advance in computers 
would soon propagate through both government and industry as an essential 
element of both spacecraft and aircraft. At the time of Apollo, of course, the 
capability of the DAP was relatively meagre because each of the identical computers 
in the CM and the LM had only 38,000 words of memory (a mobile phone today can 
have over two billion words!) and what happened was that the spacecraft would be 
flown by the astronauts using the DAP as their main interface with operating 
systems. 

And simultaneously with the spacecraft, the ground “‘systems” were designed and 
built, including a worldwide network of tracking and communications and especially 
the Mission Control Center (MCC) in Houston. In its broader sense the very 
complex and capable MCC was like a spider web in that it consisted of a central hub 
with ever expanding sequential “‘rings” and connected through nodes like spokes on 
a wheel. Each node was, in its own way, a “mission control center’’, and was manned 
by the true experts in that particular discipline. 


C. DEVELOP THE PROCEDURES AND TECHNIQUES TO ACCOMPLISH 
THE MISSION 


This vast assembly of systems, subsystems, components, astronauts, flight 
controllers, support staff, and many others, had to be tightly integrated and they 
had to play in harmony — just like a 100-piece orchestra. Everybody had to be on the 
same page, the same line, and the same note; or there would be no music. In 
preparing this orchestra to play the complete symphony, four concepts were key: (1) 
crew procedures, (2) mission techniques, (3) mission rules, and (4) the “‘flight plan.” 

Crew procedures. To fly the mission, the spacecraft had to be operated in a 
manner consistent with both the functions of its systems operation as well as with the 
sequence of mission activities. The crew procedures were developed for this purpose 
in the form of step-by-step checklists. Together they amounted to several volumes of 
switch-by-switch procedures for each system, each spacecraft, and each phase of the 
mission, stating whether they were to be operated either in primary modes, backup 
modes, emergency modes, or trouble-shooting to determine the cause of a failure or 
an anomaly. 
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Procedures had to be developed, integrated, and tested, time and again in order to 
ensure that in flight every action was performed in precisely the correct, and verified, 
sequence. This involved countless hours of training in mission simulators, 
procedures trainers, part-task trainers, mock-ups, and other representations of 
actual hardware and software, and even a simulated lunar surface. 

Mission techniques. These defined the manner in which the mission would be 
flown, or more specifically, the manner in which the spacecraft “‘trajectory” would 
be controlled. Once the mission objectives, the crew procedures, and the trajectory 
are defined, it becomes necessary to specify exactly how the various components of 
the guidance, navigation, and control systems, as well as the rocket engines, should 
be used during each phase of the mission to maintain the “trajectory” for that phase. 
The mission techniques development task was basically: how do you decide how to 
fly an Apollo mission? It required detailed planning on precisely how well the 
systems must work to achieve the mission, including all of the options for use and/or 
failure of primary or backup systems. This was also termed the “data priority” task, 
and its detailed planning was absolutely essential to success. 

As an example, LOR was key to both mission success and crew safety. During the 
LOR phase, five first-class systems computed the rendezvous manoeuvres — two in 
the LM, one in the CSM, the MCC, and even some simple charts used by the crew. If 
all of these sources agreed, the solution was clear. But if there was disagreement, 
there had to be a rationale for deciding which one to use. 

Mission rules were established as a combination of crew procedures and mission 
techniques whereby, if any failure or anomaly occurred, a “‘rule”’ defined the action 
to take. Mission rules essentially answered the “what if’ question. Even so, there 
were events during Apollo that had not been foreseen, and required thinking and 
action beyond mission rules — an excellent example being the oxygen tank explosion 
that aborted the Apollo 13 mission. 

Flight plan. The flight plan was developed as an integrated time-line of events and 
activities to bring together the mission objectives, the mission techniques, and the 
crew procedures for each phase of the mission. It served many functions and 
included references to the particular technique to be used, an index to checklists, the 
equipment to be used, constraints on the use of spacecraft systems, limitations on 
consumables, specific tasks for each member of the crew, ground tracking coverage, 
day-night cycles, and even eat and sleep periods. Alternate and contingency flight 
plans were also included. 


D. THE APOLLO ASTRONAUTS 


The 12-year Apollo lunar exploration program (1961 through 1972) occurred during 
the second half of a transformational period between the end of WW-II (1945) and 
the demise of the Soviet Union in 1991, a period of major technological, political, 
economic, and cultural dynamics. Technologically, the digital computer was in its 
infancy, yet automation and robotics were clearly imminent. The Apollo astronauts 
were required to bridge this gap, as humans capable of using a computer to assist in 
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manually operating the vast array of systems, techniques, and procedures necessary 
to explore the surface of the Moon. The crew had to operate the hardware manually 
because computers did not yet have the reliability or capability necessary to operate 
autonomously and by the nature of the design strategy MCC did not really 
“control” the spacecraft. 

And at any point in the mission, the crew had to be prepared to operate on their 
own without any contact from Earth, using only the equipment and computers on 
board, together with pre-calculated manoeuvre data. For, among the many potential 
emergencies that could occur on such a voyage, one of the most serious was loss of 
communications with MCC; whereby the crew and their spaceship would be alone in 
the ocean of space, perhaps even on the surface of the Moon and miles from the 
lunar module. 

During each Apollo lunar exploration mission the three astronauts were obliged 
to be qualified and certified in essentially seven crew positions: 


e The CSM had three crew positions: (1) Pilot (launch, major manoeuvres, 
rendezvous and re-entry); (2) Navigator (inertial navigation and rendezvous); 
and (3) Systems Engineer (all systems including fuel cells and propulsion). 

e The LM had a crew of two: (4) Pilot (landing, launch, and rendezvous); (5) 
Systems Engineer (two computers, oxygen, electrical, thermal and water 
management) 

e The surface exploration required a crew of two: (6) Lead geologist (also LRV 
driver); and (7) Geologist/systems engineer (for LRV, the suits and the 
backpack). 


NASA training for the astronaut crews was superb — every aspect of the mission 
was covered by expert teachers and experienced professionals. Every spacecraft and 
all equipment and software were tested and verified by the astronaut crews 
(including flight spacecraft and spacesuits in vacuum chambers). In addition to the 
sophisticated (for that time) CSM and LM simulators, training was received in 
spacecraft systems, fundamental astronautics (navigation and rendezvous), and the 
operations of MCC. Commanders were qualified in helicopters and the Lunar 
Landing Training Vehicle. All astronauts maintained flight currency in T-38 jets, 
received SCUBA diving (for underwater weightless training), and jungle, desert, and 
water survival. And for the “J’’ missions in particular, crews had extensive geology 
training with many hours of classroom and laboratory work, and field exercises. 

By late 1963, the first thirty astronauts had been selected — all were experienced 
pilots in high-performance jets (twenty-four were test pilots); all had engineering 
degrees (twelve also had graduate degrees); and all had been trained by the military 
(Air Force, Navy and Marines). This group would eventually command all twenty- 
nine US manned space missions (Mercury, Gemini, and Apollo) through the end of 
Apollo lunar exploration in 1972. But seven died during training or flight; and eleven 
more who were selected in later groups flew Apollo lunar missions. 

The basic design of the lunar module had been frozen in mid-1963, but systems 
integration, test and checkout had not yet commenced. Apollo simulators had not 
yet been developed. One of the major challenges for these first astronauts (and their 
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operational support teams) was to develop and verify the procedures by which 
spacecraft would be operated. This required the integration and confirmation of the 
delicate sequence of operating the electrical, mechanical, computer, propulsion, life- 
support and other systems — and Apollo was far more complex than Mercury and 
Gemini, and certainly any contemporary aircraft. And in developing procedures, 
they also necessarily became major contributors to the development of mission 
techniques (data priority). And because of their experience and involvement in the 
evolution of the Apollo program, these original thirty astronauts participated in and 
contributed to major management and programmatic decisions at the highest level. 


E. SCIENCE AND UPGRADES 


In April 1970, after Apollo 11 (the “G” mission) and Apollo 12 (the first of the ““H”’ 
missions), the most dramatic and hazardous halt to the program occurred with the 
near-fatal loss of Apollo 13. But four months later, in August, NASA made one of 
its boldest decisions. In the face of that near disaster in space, dwindling public 
support, and a rapidly declining budget, it decided to skip the final “H” type 
mission, press on with upgrading the total “system” (hardware, software, science, 
and operations) and finish the program with three full-up “J”? missions to the most 
significant scientific sites on the Moon. This upgrade from “‘H” to “J” included, in 
particular, the lunar roving vehicle, which in turn greatly increased the exploration 
capability, especially to investigate several different geological areas miles away from 
the LM in different directions, significantly more scientific equipment and 
experiments, and importantly, a mobile TV camera to view and record the distant 
activities of the crew so that MCC (and the public) could participate in the 
exploration to an unprecedented degree. As a result, a single “J’’ mission that used 
an LRV to investigate multiple geological areas at a particularly worthy landing site 
became almost equivalent to sending a series of “H” missions to individual sites. 
Consequently, the “J”? mission crews became very proficient in “planetary field 
geology”. 

Of the thirty original astronauts, none had any formal geology training - NASA 
had to teach pilots how to be proficient planetary field geologists; adding science to 
engineering as a primary discipline. Again, the training was superb; and because of 
their previous spaceflight experience, the mission commanders played a major role in 
planning the training for their crew. After many hours of practical and effective 
geology training (classroom, laboratory, and field), the results justified the process, 
because it can be argued that during the “J” missions the performance of the eight 
“pilot-geologists” (in orbit and on the surface) was equal to the performance of the 
only ‘“‘geologist-pilot’”’ who reached the lunar surface on Apollo 17, which was the 
final mission of the program. 

But this commitment to the “J”? missions was surely one of the most rewarding 
decisions of the Apollo programme. It would have been a lot easier, safer, and 
cheaper to have finished up with the final two ‘‘H”’ missions as scheduled, because if 
one of the final missions had failed then the programme would surely have been 
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brought to an end and “‘Apollo”’ would have passed into history as a “‘failure’’. In 
this regard, the lunar roving vehicle was the final element in the overall configuration 
of a complete ‘“‘system’”’ for human planetary exploration. For the future of Apollo 
and for human planetary exploration in general, in August 1970 NASA management 
truly made the “right” decision! 

But as time passes, hardware for lunar exploration will come and go; software will 
come and go; and astronauts, cosmonauts, and the staff who support them in 
training and in flight will come and go. Although the future will see more 
automation and robotics, the manner in which manned spaceships fly to the Moon 
(and return!), like wheels rolling the roads and ships “‘sailing’”’ the seas, will be the 
same for most likely decades to come. This exceptional book describes “how’’ for 
those who contemplate, for those who plan, and for those who fly; and also for the 
historical record. 


David R. Scott 
Commander, Apollo 15 
Los Angeles, California 

January 18, 2011 
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Apollo: an extraordinary adventure 


THE MEANING OF APOLLO 


The Apollo programme was not just a Cold War stunt, though many correctly saw it 
as such. Neither was it just an example of superpower posturing, though it most 
certainly was that too. 

As is the nature of so many decisions in the human realm, America’s plan to go to 
the Moon in the middle of the twentieth century had repercussions that were barely 
conceivable when the President’s advisers steered him towards his historic challenge. 
In a speech on 25 May 1961, to a Joint Session of Congress on “Urgent National 
Needs’, President John Fitzgerald Kennedy justified his goal by stating that “‘...no 
single space project in this period will be more impressive...”. Was he right? 
Probably. It was certainly a magnificent example of how a state-run command 
system can successfully fund and manage a megaproject given a conducive political 
environment. Ironically, this central direction characterised elements of the Soviet 
system that America was trying to upstage when it went to the Moon; perhaps a 
demonstration that people are more similar than they are different. 

As the programme came to its successful climax with Apollo 11 on July 1969 the 
media were filled with commentators proclaiming that such a wondrous achievement 
was bound to bring humanity closer together. There was a sense that this was the 
obvious culmination of a rising drive towards peaceful endeavours by an increasingly 
enlightened western society. In an interview for British television on the day after 
Apollo 11 reached the Moon, NASA Administrator Thomas O. Paine asked: ““Why 
aren’t our political institutions more tuned in to bringing to people around the world 
this great common aspiration that we all have: world peace, freedom from hunger 
and ignorance and disease? Why can’t we do better in many of these other areas as 
we reach out and touch the Moon?” 

In the short term, the media lost a measure of its cynicism and adopted an almost 
reverential tone. During the coverage of the launch of Apollo 11, veteran BBC 
commentator Michael Charlton spoke to the British audience while Neil Armstrong, 
Michael Collins and Edwin ‘Buzz’ Aldrin boarded the van that would take them out 
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to their space vehicle. In solemn, awed tones, he commented, ‘““They take with them, 
this morning, the good wishes and the admiration of a world of people, as Man, a 
species born and who has lived all his life on Earth, moves, with this journey, out 
into the solar system. And so, presumably begins, with this journey, his dispersal in 
other places out in the Universe.” 

In a documentary made for the 25th anniversary of Apollo 11’s achievement, one 
of the men on the front line of the Apollo programme, Frank Borman, who orbited 
the Moon on Apollo 8, pointed out how the pragmatic President Kennedy, in his bid 
to end the Cold War, had used his ability as a wordsmith to sell a voyage to the 
Moon as a great endeavour for exploration. “‘Fiddlesticks,’’ exclaimed Borman. ““‘We 
did it to beat the Russians.” In the same documentary, Armstrong’s introduction 
suggested that as well as national posturing, other forces and impulses within the 
minds of the participants were driving the quest to the Moon with equal force: ““The 
dream of venturing beyond our own planet was too powerful to resist. We wanted to 
explore the unknown. We wanted to push the limits of space flight.” 

Perhaps Apollo could become whatever its detractors or protagonists wished. To 
those scientists whose unmanned missions were shelved or commandeered for the 
sake of Apollo, it was a wasteful enterprise; spending vast sums where similar 
knowledge could be gained robotically for much less cost. Others from the scientific 
community bought into the programme for the opportunities it offered. They 
claimed that the presence of humans would greatly increase the science yield. 
Historian Lewis Mumford dismissed Apollo as “‘an escapist expedition” from a 
world beset by problems of malice and irrationality. In the view of economist 
Barbara Ward, it was a sign that humanity’s destiny could be outside this planet and 
that the view of the Earth from space could change the thrust of human imagination 
to one that would lead humans to coexist better. 

Apollo is undoubtedly NASA’s greatest achievement, but in its very success it 
became a burden. NASA’s funding came directly from the US government, annually 
allocated according to the political whims of a fickle Congress. When the political 
imperative behind the programme faded, NASA naturally looked around for 
projects that would allow it to continue to exist in the manner to which it had 
become accustomed — as would any maturing government bureaucracy. But there 
was no project that could come anywhere near Apollo’s grandeur, scale and expense, 
let alone maintain the political momentum needed to fund it. In the post-Apollo era, 
therefore, NASA sold the Space Shuttle to the American taxpayer as a new reusable 
spacecraft that would provide cheaper access to the new frontier. In the process, they 
ended up with a versatile yet expensive ‘space truck’. But the Shuttle was also fragile, 
and it threatened the agency’s very existence each time it killed a crew, which it did 
twice. Apollo was a very difficult act to follow. 

One of the ways NASA tried to justify its continued funding was to point out the 
technological spin-offs derived from the research and development that supported 
the quest for the Moon. Certainly, American industry learned much from Apollo in 
a very wide range of fields: from metallurgy to computer simulation, from electronics 
to fluid valve design. But the problem for those who would use spin-offs to justify 
further space exploration was that most of these advancements were as much tied up 
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with the larger defence and aerospace effort being undertaken by the United States 
at the time, as they were with Apollo per se. On close inspection, it was difficult to 
disentangle a new technique, material or system from parallel developments in 
ballistic missiles or aircraft design or reconnaissance satellites. From an economic 
and industrial standpoint, it would be more accurate to say that a primary benefit of 
the billions spent on Apollo was the cash injection it gave to the US aerospace 
industry and the jobs and know-how that resulted. Indeed, this was part of 
Kennedy’s motivation in setting the lunar goal. 

However, unlike the shadowy exploits of the US defence community, Apollo was 
carried out in the open. It was a difficult feat of fantastic vision executed in full view 
of the world for its propaganda benefits, even though such a stance left NASA 
exposed at every failure of machine or management, or every time a crew was killed. 
One effect of this openness was to inspire vast numbers of young people to take up 
careers in science and technology. On 4 October 2004, a small oddly-shaped 
spacecraft won the X-prize, a $10-million sum offered to the first privately financed 
three-man ship to rise above the internationally agreed threshold of space at an 
altitude of 100 kilometres, although on this occasion ballast replaced the weight of 
two passengers. Despite the substantial prize, no profit was made from this early 
effort in commercial space transport, as it relied on a $20-million investment by Paul 
Allen, whose fortune derives from the fact that in the mid-1970s he co-founded the 
software giant Microsoft. As a boy, he avidly watched the progress of the Mercury, 
Gemini and Apollo missions. “‘I really got enthralled [by the early space efforts of the 
USA], and probably more than most kids.’ He is just one of a collection of 
multimillionaire entrepreneurs from the computer and internet industries who were 
brought up on the dreams of Apollo and who later expressed their interest in space 
by investing in start-up commercial space efforts that may make that dream a reality 
for many others. 

During their voyages to the Moon, Apollo crews would sometimes look out of 
their spacecraft windows, see Earth in the distance and take a photograph. Some 
have claimed that the resulting extraordinary imagery was directly responsible for 
the modern environmental movement, when people who were concerned about the 
state of the planet’s biosphere pounced on images of the jewel-like Earth rising above 
the barren limb of the Moon, or a full-Earth image captured en route between the 
two worlds. These images have been reproduced endlessly as symbols of the fragility 
of our planet. They served as the opening line of the green movement’s clarion call, 
and are heavily used by corporations to display their environmental credentials. In 
truth, and somewhat ironically, although much was indeed learned about the Moon, 
the most profound thing we discovered through Apollo was Earth itself. 

In some ways, the Apollo programme was the ultimate adventure for the 
American people because it fed into the frontier spirit that imbues much of their 
society, and gave the astronauts of that era an almost god-like status. In his book, 
The Right Stuff, author Tom Wolfe described the early American space programme 
and its crews in terms of single combat whereby, in some ancient civilisations, battles 
would be pre-empted by one-on-one combat between the best warrior from each 
side. In the Cold War, tribal heroics between the two superpowers on Earth were 
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Full Earth, as seen from Apollo 17. (NASA) 


being enacted, not by knights on horseback, but by men who, for the most part, 
came from the fighter-pilot fraternity — afterburner jet-jockeys who were willing to 
risk their lives for their country’s prestige. These were warriors who wanted to rise 
to the peak of their profession’s ziggurat, a pyramid of ever faster, jet- and rocket- 
propelled aircraft reaching ever greater heights and speeds — the dangerous world 
of the test pilot. In this arena, where it was accepted that men would die for a 
worthy goal, the dawning of the space age had introduced a new pinnacle to entice 
the need-for-speed hot-shots and it seemed more dangerous than ever. Through 
television broadcasts of early unsuccessful space attempts, the American public 
had witnessed the unreliability of the early rockets. They became steadfast in their 
admiration for men who would strap themselves to the top of these jittery, 
controlled bombs and be blasted into space to demonstrate their country’s 
prowess. In Ron Howard’s movie, Apollo 13, there is an iconic sequence leading up 
to a superbly rendered dramatisation of a Saturn V launch. It is no coincidence that 
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James Horner’s score for this scene is strongly reminiscent of a regal coronation. 
These men were being anointed — prepared to be sent to the realm of the gods for 
the glory of a nation. 

The Moon landings eventually came to be the ultimate expression of technical 
competence; to the extent that a cliché entered the language: If we can land a man on 
the Moon, why can’t we ...? Seen as solely a demonstration of technical prowess, 
Apollo became a yardstick against which the stuttering progress of the western world 
in other fields was judged. In the light of such a dazzling display of what humans 
could do, why did real-world achievements appear tarnished, tardy and piecemeal? 
In truth, the world moved on to other preoccupations that tested human ingenuity in 
other ways; in particular, the rising power of the computer, increasingly fluid 
communications and information flow via the internet and mobile telephony. To a 
world that was beginning to look in on itself, the outward-looking achievements of 
Apollo appeared outlandish, superficial and almost naive. 

In many ways, Apollo was an aberration, a sample of twenty-first-century 
exploration brought forward by perhaps two generations by political circumstance 
and pushed through by the dreams and technical inventiveness of the thousands who 
took part — using the technology of the 1960s. 


DREAMING OF THE MOON 


In the years after World War II, in the bowels of America’s aeronautical research 
facilities, a few remarkably gifted engineers were having ideas above their station. 
Thinking outside the box, as we now call it, they wondered how a manned spacecraft 
(women were never considered) that had been blasted outside Earth’s atmosphere, 
could possibly return without killing its crew. Two in particular, Max Faget and 
Owen Maynard, were formulating a plan to bring together diverse technologies that 
were then maturing which might allow the dream of space travel to be realised. Many 
of these technologies were also concerned with the delivery of nuclear weaponry — 
the most prominent examples being the liquid-fuelled rocket, the ablative heatshield 
and the blunt-body re-entry vehicle. 

Both the USA and the Soviet Union had been familiarising themselves with 
rocket technology gleaned from the defeated Germans of World War II. Having 
learned from rocket engineers who had worked for the Nazis, both superpowers had 
launched vehicles that had been either looted from central Europe or built locally on 
the basis of German experience. It soon became apparent that these rockets would be 
useful carriers for the newly developed nuclear warhead, able to dispatch these 
weapons across large distances in a short time. Both sides in the Cold War had 
nuclear armaments, and both realised that in the event of an exchange, early delivery 
of their warheads would be crucial to national survival. 

Fast delivery of nuclear weapons required development of the intercontinental 
ballistic missile ICBM) whose long, coasting flight could cross continents in half an 
hour. Though this class of missile was not required to go fast enough for orbital 
flight, much of its trajectory was spent in the vacuum of space and one of the chief 
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problems encountered in this arrangement was dealing with the punishing heat the 
payload had to endure as it re-entered the atmosphere at hypersonic speeds. 

After dispensing with solutions that tried to absorb the energy in a heat sink, 
engineers turned to the ablative heatshield. This was a layer of material on the 
outside of the warhead fabricated from materials that would ablate — that is, they 
would slowly char and burn away, carrying the heat and thereby protecting the 
bomb as it came hurtling back into the atmosphere. At the same time, the work of H. 
Julian Allen had shown that by forming the shape of a re-entering body into a blunt 
shield, the searing hot shockwave that always accompanied high-speed aerody- 
namics could be made to stand away from the fabric of the hull, and thus keep the 
hottest and most erosive gases clear of the vehicle. 

Faget and Maynard investigated whether this technology could be arranged so 
that a person could sit inside the rocket’s payload instead of a warhead, enter space 
and return to Earth without being roasted, chilled, asphyxiated, crushed or drowned. 
An early implementation of their work was the one-man Mercury spacecraft, a 
relatively unsophisticated capsule that enabled America to log its first minutes and 
hours of manned space flight. Even before the first such flight was attempted, 
engineers had begun to consider the design of a successor that could sustain a three- 


Sketches from October 1960 for the “Apollo-Control Capsule’’. (NASA) 


Dreaming of the Moon 7 


President John F. Kennedy announces his lunar challenge to Congress on 25 May 1961. 
(NASA) 


man crew for an extended flight in space and make a controlled descent through the 
atmosphere to land on the ocean. Although there was no specific mission for such a 
spacecraft, the engineers were intrigued by the possibility that it might be able to fly 
to the Moon. 

The name for this spacecraft, Apollo, was coined in mid-1960 by the Director of 
NASA’s Office of Space Flight Programs, Abe Silverstein, who delved into Greek 
mythology for inspiration. Apollo was the son of Zeus and had associations with 
Helios the Sun god. In Silverstein’s mind, the idea of Apollo riding across the face of 
the Sun seemed an appropriate metaphor for the grand sweep of the programme that 
such a spacecraft might be able to undertake. 

In May 1961, America had hardly dipped its toe in space with the 15-minute flight 
of Alan Shepard, when President Kennedy proclaimed a mission for this nascent 
spacecraft by challenging his nation to send a man to the Moon and return him 
safely to his home planet, and to do so within the eight and a half years still 
remaining of the 1960s. Kennedy’s early months as President had been troubled by a 
succession of ‘space firsts’ achieved by the Soviet Union, particularly on 12 April 
1961 when Yuri Gagarin became the first person to fly in space by making a single 
orbit of Earth. Further trouble with an aborted invasion of Soviet-backed Cuba 
made Kennedy seek something that would raise America’s profile around the world. 
Landing men on the Moon, a goal that people within NASA were already thinking 
about, and carrying it out to a deadline, seemed like an enterprise at which his 
country could excel. The Apollo system would be pressed into this role. 
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Apollo 14 CSM Kitty Hawk in orbit around the Moon photographed from the lunar 
module. The conical command module is on the right. The cylindrical service module 
forms the spacecraft’s bulk. (NASA) 


THE APOLLO SPACESHIP 


Apollo was conceived as a two-part spacecraft. The three-man crew occupied the 
conical re-entry section, from which they controlled the mission. This command 
module (CM) carried much of the equipment the crew needed for their flight, and 
everything they needed for re-entry. Most of their consumables (air, water, power) 
and their chief means of propulsion and cooling were carried in a cylindrical section 
attached behind the command module’s aft heatshield. This service module (SM) 
remained attached to the CM for most of the flight, the two sections acting as one 
spacecraft under the acronym CSM, for command and service modules. On the return 
journey the SM was discarded shortly prior to re-entry into Earth’s atmosphere. This 
distinctive cone-and-cylinder arrangement, with a nozzle sticking out of its aft end, 
became the archetypal spacecraft in the minds of many children who grew up at this 
time, fascinated by space flight. 

Early plans envisaged taking some arrangement of the CSM all the way to the 
Moon’s surface as part of a larger vehicle that would sport a set of landing legs to 
enable the combination to touch down. Although this would have been a rather 
unwieldy craft to land, the requirement to lift the CSM off the Moon dictated the 
thrust of the spacecraft’s large main engine. 
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WHICH WAY? 


Even as Kennedy announced that the Moon would be the destination for America’s 
aerospace community, managers still had to decide how to make the trip. At first, 
two competing methods, or modes, were investigated, both of which had powerful 
advocates and detractors. A third plan struggled for attention and was often 
mocked. 

The first plan was known as direct ascent. Although it appeared at first glance to 
be the simplest solution, it was the most audacious of all. It entailed the development 
of a truly monumental booster that could hurl a large spacecraft directly to the 
Moon without pausing in Earth orbit. This Apollo ship would carry everything 
needed to complete the mission and get back home; landing gear, supplies for the trip 
and for the lunar surface, and engines to lower the entire vehicle to the Moon and 
then lift off again for the journey home. The proponents of this brute-force method 
said it was the simplest and easiest proposal to realise within the time allowed, 
avoiding complexity where possible. But on the minus side, it would have required 
the development of the Nova, a rocket of simply stupendous proportions to execute — 
one that would have dwarfed even the mighty Saturn V that was eventually built. 
For a time, the direct mode was championed by Robert Gilruth, leader of the Space 
Task Group, which was a small organisation within NASA that included Faget and 
Maynard and which would go on to form the core of the Manned Spacecraft Center, 
now known as the Johnson Space Center, in Houston. 

The charismatic German rocket 
engineer Wernher von Braun — the 
director of the Marshall Space Flight 
Center in Alabama — had different 
ideas. He and his team had been 
brought to the United States after 
the war and had helped the US Army 
to develop its first useful rockets. 
They then formed part of an effort 
to create a family of large launch 
vehicles collectively known as Saturn. 
While some at Marshall welcomed 
direct ascent and the Nova, von 
Braun preferred Earth orbit rendez- 
vous (EOR), believing it to be more 
readily attainable. This called for a 
sequence of the smaller Saturn vehi- 
cles to place the components of the 
ship into Earth orbit where they 
would be assembled for the flight to 
the Moon. When the launch facilities 
Wernher von Braun beside an early Saturn at Merritt Island near Cape Canaveral 
launch vehicle. (NASA) were being laid out by von Braun’s 
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compatriot Kurt Debus, EOR appeared to be the best way to achieve the lunar goal. 
The perceived need for launches to occur in quick succession, and the associated 
processing of the launch vehicles, defined the layout of the new Moon port. In the 
event, these capabilities would barely be brought to full use. 

As engineers and designers studied the options, huge problems became evident in 
both of these mission modes, and these shortcomings threatened to slip the success of 
the project past the deadline set by President Kennedy. A major headache was the 
sheer size of the Nova rocket. Building, transporting, fuelling and finally launching 
such a gargantuan rocket was becoming difficult to comprehend. One engineer put it 
in plainer terms: “It would have damn near sunk Merritt Island.” Contractors had to 
make a start on building the launch facilities, and the type of launch vehicle would be 
crucial to the layout. One of the larger Saturn derivatives on the drawing board, the 
C-5, itself around 36 storeys tall, seemed to be a much more sensible solution. This 
vehicle was later renamed Saturn V, pronounced as ‘Saturn Five’. 

Both direct ascent and EOR envisaged sending a single large Apollo spacecraft to 
the Moon, and its shape and layout were proving to be an equal headache. Seated in 
a heavy conical Apollo command module mounted at the top of a huge rocket- 
powered landing stage, the crew would find that all their windows looked towards 
the sky when, like all pilots, they would rather look down at their approaching 
landing site. It slowly dawned on the potential astronauts that the CM’s shape could 
hardly have been less suited to a lunar landing. 

At this time, Gilruth’s Space Task Group was based at NASA’s aeronautical 
centre in Langley, Virginia. Another research group at Langley, who were studying 
possible trajectories to the Moon, had pointed out the huge weight savings that 
could be made by using a lunar parking orbit within the mission. In parallel with 
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engineers at Vought Astronautics, they devised a daring but highly efficient means of 
travelling to the Moon using only a single Saturn C-5 vehicle. It was this third mode 
that eventually won the day and became America’s path to a new world. 


LUNAR ORBIT RENDEZVOUS 


Any journey in space is heavily influenced by the propellant available to achieve it. 
At the same time, the amount of propellant required is largely determined by the 
mass of the object that is to make the journey and how quickly the journey has to be 
undertaken. In simple terms, mass is everything. The alternative scheme, known as 
lunar orbit rendezvous (LOR) sought to limit the amount of mass that had to be 
propelled at each key point in the journey. A reduction in the quantity of propellant 
required for the Apollo spacecraft would also minimise the initial mass that would 
begin the journey, and thus bring the entire mission within the capability of a single 
Saturn C-5. 

The advantages are best understood by working backwards through a mission. 
The only part of the spacecraft that could return to Earth was the heatshield- 
protected command module. To propel it out of lunar orbit required the 
propulsion capability of the service module and their combined mass defined the 
amount of propellant required for the task. Next, instead of taking a lot of 
redundant mass down to the Moon’s surface just to bring it up again, a dedicated 
lander would be designed specifically for the task, leaving the Apollo mothership, 
the CSM, in lunar orbit with the consumables and propellant to get home. This 
lander would only take two of the crew down to the surface, leaving the third to 
take care of the CSM. Moreover, there was no need for the engine, landing gear 
and the empty tanks that had enabled them to land on the surface, to come back up 
to lunar orbit. The crew with its gathered lunar treasures could return to the 
mothership in only the top part of the lander using a smaller engine and the 
propellant required for the task. As there would be no need to bring this remaining 
part of the lander back to Earth, it, too, could be discarded at the Moon. 
Therefore, the final propellant load for the CSM was made up by the fraction 
required to get the entire assemblage into lunar orbit, plus the fraction required to 
get itself to Earth. At each key point in the journey, the engines would work against 
only the mass that was absolutely necessary, and everything else would be 
discarded when its function had been fulfilled. 

The cumulative weight savings made the LOR scheme highly attractive in 
engineering and cost terms, but it caused NASA to face certain operational realities 
which, in the early days of space flight, seemed daunting. As with EOR, having 
separate spacecraft meant learning how to rendezvous in orbit when both were 
travelling at what were then perceived to be incredible speeds. The ships would have to 
join together, or dock, to allow crewmen and cargo to transfer from one craft to the 
other. Neither of these techniques had yet been demonstrated in Earth orbit, but the 
LOR concept was calling for them to occur nearly half a million kilometres away in the 
lonely vicinity of the Moon. A failure of the rendezvous would doom the occupants of 
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the lander to certain death in lunar orbit, while a failure of the docking would require 
crewmen to don spacesuits and move from one craft to another by going outside. At a 
time when no one knew what challenges the weightless environment would present to a 
crewman in a bulky pressure suit, this seemed to be a very risky thing to do. 

Many in the burgeoning space community were aghast at the audacity of LOR. It 
seemed foolhardy and dangerous. However, convinced of the benefits, and with an 
almost religious zeal, its leading advocate, John Houbolt, drove through layers of 
NASA bureaucracy and the entrenched positions of its various centres, in an effort 
to convince the organisation that there was little chance of getting to the Moon 
within the decade unless LOR was adopted. 

NASA debated the mode issue for more than a year after Kennedy had laid down 
his challenge, during which time, direct ascent and its incredible Nova launch vehicle 
was largely discarded, leaving EOR, championed by von Braun, and LOR, which, 
because it included a specialied lander, had become Gilruth’s preferred option, as the 
competing schemes. As work on the spacecraft could not begin in earnest until the 
matter was settled, Joseph Shea from NASA headquarters asked each side to report 
on the other’s scheme — a management strategy that enabled von Braun to recognise 
the benefits of LOR. In June 1962, at a large meeting at Marshall, NASA acceded to 
Houbolt’s campaigning and chose LOR as the means by which they would get to the 
Moon. 

With the mission mode settled, the definition, design and construction of the 
spacecraft could begin. The command and service modules would be built by North 
American Aviation. These craft were already well into their initial development, but 
their role could now be precisely defined; there being no need for a landing stage on 
the SM, for example. Major components for the SM had already been designed. It 
was decided to leave the thrust of its propulsion system at its original design value 
and take this capability into account in mission planning. Two versions of the CSM 
were to be built. The Block I spacecraft would be incapable of supporting a mission 
to the Moon, but would allow experience to be gained in Earth orbit until the Block 
II became operational. The Block II would be the Moonship proper. Complete with 
fuel cells for power, hardware for docking, deep-space communications and a fully 
capable guidance and navigation system, the Block I] CSM would be the linchpin in 
the Apollo story, ferrying a spidery landing craft to another world. In a sense, the 
CSM was a mini-planet, providing everything three men would need for two weeks 
in space during which they would undertake a journey that had been a dream of 
humans over the ages. In the event, the design of the Block II would be forged in the 
lessons learned from the fatal flaws that would prevent the Block I from flying a 
manned mission. 


EQUIPMENT 
The Block II Apollo spacecraft 


The command module was a stubby, conical craft almost entirely covered with a 
heatshield that was thickest across its base, or aft, to sustain most of the punishment 
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Interior of the CM cabin as modelled in a 1967 simulator. (NASA) 


of re-entry. The outer rim of the cone was packed with small tanks, thrusters, various 
antennae and two small ports for the ejection of waste water and urine. The apex of 
the cone had a removable probe mechanism to enable it to dock with the Apollo 
lander and a tunnel through which the crew could transfer between the two 
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spacecraft. Parachutes were carefully packed around the outside of this tunnel, along 
with other paraphernalia of the Earth landing system. 

The main bulk of the CM’s volume was taken up by the pressure hull which 
accommodated three crew members and much of their electronic equipment. For 
lightness, the hull was constructed from two layers of aluminium sheet with an 
aluminium honeycomb in between. During launch and re-entry, the crew lay on 
couches with their backs to the aft of the spacecraft. Seating positions were defined 
by the roles of the crew. At the time of launch the commander (CDR) occupied the 
left couch for access to most of the flight instruments; the /unar module pilot (LMP) 
usually took the right couch and had responsibility for the spacecraft’s systems, as 
this was where many of the relevant switches and displays were located; and finally 
the command module pilot (CMP) generally had the middle seat, with his head next 
to the spacecraft hatch. For major manoeuvres in space, the CMP occupied the left 
seat. Directly in front of the crew and ranged around the entrance to the tunnel was 
the main display console — a vast panel of some 400 knobs, switches, meters and 
displays with which most of the flying of the spacecraft was achieved, in 
association with various hand controllers that sprouted from the armrests. Above 
the console, in the eye-lines of the commander and LMP, were two small forward- 
facing windows. Other panels, windows and compartments were arranged around 
the crew. In particular, at the CMP’s feet was the lower equipment bay which 
included all the gear he would need to navigate the spacecraft, a task for which he 
was responsible. 

Attached to the rear of the CM was the cylindrical SM that supplied most of the 
consumables; electrical power, water, air and cooling. It also carried an array of 
parabolic antennae for deep-space communication, thrusters for attitude control 
(attitude being a word in spaceflight that means a spacecraft’s orientation; i.e. which 
way up it is) and the spacecraft’s main means of propulsion, an ultra-reliable service 
propulsion system (SPS) engine that protruded from the rear. This engine took the 
crew into orbit around the Moon and, when their exploration had been completed, 
sent them back towards Earth. Over 16 tonnes of propellant for this engine was 
stored in four large tanks that occupied most of the service module’s bulk. Smaller 
tanks of oxygen and hydrogen provided the reactants for three fuel cells where a little 
chemical magic provided the crew with not only electrical power but also water good 
enough to drink. The tanks also supplied breathing oxygen for the CM’s cabin until 
separation from the SM. 


The Apollo lander 

The CSM was a streamlined and sturdy craft, designed to ascend through the 
atmosphere of Earth, and, in the case of the command module, withstand a 
punishing re-entry. In contrast, the lunar lander was a true spacecraft because it was 
entirely incapable of flight in an atmosphere. 

Known as the /unar module (LM), its construction was entrusted to the Grumman 
Aircraft Engineering Corporation. This was a truly exotic ship in which every aspect 
of its major systems pushed the know-how of the engineers who designed it. When 
originally conceived, it was called the /unar excursion module and therefore received 
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Orion, the Apollo 16 LM, prior to its descent to the lunar surface. (NASA) 


the acronym LEM. However, in 1965 managers decided that the use of excursion was 
too flippant as it suggested that the crews were going on a vacation. The name was 
shortened to lunar module but the pronunciation as ‘lem’ stuck. 

The LM needed to be sturdy enough to withstand the acceleration and vibration 
of a launch from Earth and the shock from a rough landing on the lunar surface. Yet 
it also had to be as light as could humanly be achieved in order not to outweigh the 
ability of both the Saturn V and the CSM to deliver it to lunar orbit. Its largest 
engine had to be throttleable to provide adequate control of the astronauts’ descent 
to the lunar surface without the aid of wings or runways. Its flight path was 
controlled by two small computers in an age when such machines tended to occupy 
entire floors of buildings. Its engines had to be utterly reliable, even though the 
propellant systems operated at extreme pressures. 

Prior to Apollo no one had dealt with the realities of designing a lunar module, 
which meant that Grumman could start with a clean sheet. Even before they won 
the LM contract, their engineers had produced preliminary designs. They then 
worked through several iterations before settling on the final spacecraft. The need 
for the LM to be a two-part ship was a corollary of the LOR concept. It operated 
as one vehicle until the moment of departure from the lunar surface. Less 
fundamental aspects of the LM, like the number of legs and the seating 
arrangements, required some extra thought. Three legs would have been the 
lightest arrangement and most adaptable to an undulating terrain, but a failure of 
any leg would be bad news. Five legs provided excellent stability and safety but the 
layout conflicted with the arrangement of the tanks for the propellant, and would 
have necessitated more structure and more mass. Four legs proved to be a suitable 
compromise. 

The lower or descent stage was a cross-frame that carried an engine in its centre 
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The descent stage of Apollo 10’s LM during pre-launch processing. (NASA) 


surrounded by four propellant tanks. At each end of the cross-frame, a landing leg 
was mounted, one of which included a ladder. The bays of the frame between the 
landing gear were used as stores for the equipment the crews would need when their 
roles changed from that of spacecraft pilots to lunar explorers, and, on later flights, 
would provide somewhere to carry a fold-up electric car. 

The upper stage of the LM was the crew quarters. Since it would lift the crew off 
the Moon, it was known as the ascent stage. A pair of propellant tanks protruded 
like cheeks on either side of a horizontally mounted cylindrical pressure hull, and a 
small rocket engine was set in the centre of the stage. Early designs for the cockpit 
included seats and large, high-visibility windows, as in a helicopter. In spacecraft 
design, there is a tendency for the mass of a spacecraft to rise as engineers go from 
initial concepts and estimates to final hardware. The Apollo LM could not afford 
such increases and the constant pressure to minimise the spacecraft’s mass 
continued even after its first successful mission. Engineers conceived the innovative 
idea of removing the seats because they realised that a crewman’s legs would make 
excellent shock absorbers for the low g-forces encountered during descent. Also, in 
the low gravity of the Moon, standing would be effortless. This change had a 
profound effect on the layout of the ascent stage. Had the crew been seated, their 
heads would have been placed well away from the windows and this would have 
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The ascent stage of Apollo 11’s LM during pre-launch processing. (NASA) 


resulted in huge areas of heavy glass to give an adequate field of view. A better 
solution was to have the two crewmen stand close to the front wall of the spacecraft, 
where they could look out of two small downward-tilted triangular windows from 
which they could see an approaching landing site and steer towards it. This 
arrangement saved a large amount of mass. Major electronics systems were placed to 
the rear to balance the crew, four sets of thruster packages were placed at each 
corner for attitude control, and a collection of antennae were mounted on the roof, 
where function dictated. The result was a remarkable manned spacecraft that was 
perhaps aesthetically ugly, yet whose form was well matched to the function it had to 
perform. 


The launch escape system 

When the spacecraft was sitting on top of the Saturn V, it included one extra element 
of the Apollo system that everyone hoped would never be used. If it had, it would 
have been a particularly bad day for all involved. Attached to the tip of the CM was 
a truss structure upon which was mounted a thin, pencil-like tower which included a 
powerful solid-fuelled rocket motor. This was the /aunch escape system (LES). Its 
lower section was a fibreglass and cork shroud that covered the shiny surface of the 
command module, called the boost protective cover (BPC). It shielded the CM from 
the heat of friction with the air during the first three minutes after launch, and from 
the blast of exhaust from the rocket mounted just above, should this be used. 
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If the Saturn V were to suffer a mishap, this motor would have burned for just 
eight seconds, but it would have produced a force equivalent to 66 tonnes weight 
and an acceleration in excess of 7 g that would whip the CM and its crew to safety. 
The motor’s exhaust exited through four nozzles that were canted to direct its blast 
away from the spacecraft. If the launch was normal, then after the first 34 minutes 
another smaller rocket motor near the top of the tower would pull the launch 
escape system, including the boost protective cover, away to fall into the Atlantic 
Ocean. 


SWORDS TO PLOUGHSHARES: VON BRAUN’S ROCKETS 


Despite the weight advantages that were gained from the adoption of the lunar 
orbit rendezvous concept, an Apollo spacecraft and lander were still a huge mass to 
lift off Earth and send to the Moon, and a very special rocket would be needed for 
the task. 

In every way, the Saturn V epitomised the sheer audacity of the Moon 
programme. It was big — in size, thrust and weight; it required huge facilities to 
build, test, transport and launch; and its engines consumed massive quantities of 
propellant at prodigious rates. It also demanded fine, subtle control of the 
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enormous forces it produced, and it stretched the will of NASA even to have 
conceived it. The fact that they did was perhaps because, at the outset, its designers 
had considered an even larger vehicle. In comparison, the Saturn V may have 
seemed relatively straightforward but when the time came to turn ideas to reality, 
its procurement strained the US aerospace industry every bit as much as the 
spacecraft it carried. 

The lineage of the Saturn V led back to a pre-war German amateur rocketry club, 
the VfR (Verein fiir Raumschiffahrt or Society for Space Travel) where a young 
Wernher von Braun first shone as a gifted rocket engineer and motivator of men. As 
Adolf Hitler rearmed Germany, its military, denied conventional long-range artillery 
by the Versailles treaty, took an interest in the successes of the VfR and how its new 
rocket technology could be applied to sending warheads towards an enemy. 

Von Braun headed a group of engineers based at Peenemiinde, a peninsula on 
the large island of Usedom on Germany’s Baltic coast, where his A-4 rocket, 
fuelled by alcohol and liquid oxygen, was developed. Towards the end of the war, 
conventional warheads were installed on the A-4 and the propaganda ministry 
renamed the rocket V-2 or Vergeltungswaffe 2 (Vengence 2). An explosion in 
Chiswick, London, on 8 September 1944, signalled the first use of the V-2 as a 
weapon. Thousands of these rockets, built largely by slave labour under the control 
of the notorious Schutzstaffel (the SS) were launched in an attempt to ruin the 
morale of the British population. 

As the Allied forces marched across Europe in the war’s final days, teams of 
intelligence specialists searched for useful military technology. Von Braun knew that 
the knowledge and experience of his engineers would be a great prize for whichever 
Allied power reached them first. The Soviets were closer but he preferred the western 
option, and arranged for his team to surrender themselves to the American forces. 
Additionally, he helped his captors to retrieve hardware and documents that would 
prove useful to them. Though he shamelessly used the military as a means to develop 
his rocket, von Braun had something else on his mind — space travel. 

In 1956, the US Department of Defense made the US Air Force responsible for 
procuring the country’s long-range missiles. Over the succeeding years, the USAF 
and the companies that worked for it developed the Atlas, Thor and Titan missiles. 
In the meantime, von Braun’s group, still part of the US Army - initially based at the 
White Sands Proving Ground in New Mexico but now at the Army Ballistic Missile 
Agency in Huntsville, Alabama — had already devised the Redstone and Jupiter 
missiles. The former was America’s first rocket capable of sending a payload into 
orbit. After the Soviet Union started the space race by launching Sputnik on 4 
October 1957, von Braun’s Juno I rocket (a Redstone with solid-fuelled upper stages) 
countered for America by placing the more scientifically useful Explorer I into high 
orbit. However, rockets were inextricably tied up with the nuclear weapons they were 
designed to carry, and because by now America had lightweight nuclear devices, its 
rockets tended to be lower powered and less useful as lifting vehicles for spacecraft. 
Soviet nuclear weapons were large, heavy affairs, and therefore their rockets, being 
more powerful, made better space vehicles. Realising this shortcoming, von Braun’s 
team first added solid-fuelled rockets to the top of their Jupiter missile, which was 
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essentially a scaled-up Redstone, to make the Juno II space launcher, and then 
progressed to the development of a heavy-lift booster specifically for space use. 
Initially designated the Super Jupiter, this booster would cluster first-stage engines 
and tanks to achieve the desired thrust. This project evolved into the Saturn. As early 
Saturn development continued into 1960, von Braun’s team found themselves 
transferred to NASA with, at last, a civilian role for their rockets. Their facilities in 
Huntsville became the Marshall Space Flight Center, with von Braun as its director. 
Once President Kennedy’s lunar goal had been set, the development of the Saturn 
rockets became a key part of the civilian space effort, with their final design being 
firmly linked to the needs of the Apollo spacecraft they would carry. 

Though an entire family of launchers were envisaged, only three Saturn rockets 
came out of the programme. The Saturn I was primarily a development series that 
proved the concepts of engine clustering in order to achieve high thrust levels as 
well as testing early Apollo hardware. The Saturn IB used an improved form of the 
first stage and made use of a new, highly efficient rocket stage, the S-IVB, which 
was manufactured by the McDonnell Douglas Company. This stage would be 
crucial to the Apollo programme. As well as being the second stage of the Saturn 
IB, it formed the third stage of the Saturn V, in which role it would provide the 
final impetus to take all NASA’s manned spacecraft to the Moon. The Saturn IB 
was a man-rated vehicle that could take either a CSM or a LM, but not both, to 
Earth orbit. 

The big member of the Saturn family of launchers was the Saturn V, so-called 
because, in von Braun’s mind, there were three paper configurations after the Saturn 
I that were never built. In truth, as NASA’s early plans shifted, there were many 
configurations that were put on paper to match machines to missions. Many of these 
used varying quantities of two engines that were under development, the F-1 and the 
J-2, but it was the iconic Saturn V, which could lift both the CSM and the LM, that 
utilised them to fulfil the lunar goal. 


The F-1: a brutal machine 

The F-1 rocket engine is still one of the most powerful liquid-fuelled engines ever 
built and one with a distinguished service record. An uprated version of the engine, 
the F-1A, underwent trials and reached 17 per cent greater thrust but it was never 
brought into service. The Russian-designed RD-170, which saw service in the late 
1980s, gave 12 per cent more thrust with greater efficiency. 

The F-1 began as an Air Force programme in 1955, which NASA then nurtured 
for its bigger missions. It was ideal as an engine for a first-stage cluster in a huge 
booster owing to its prodigious power, but its gestation was as difficult as any in the 
Apollo/Saturn story. In operation, a single engine consumed a total of nearly three 
tonnes of kerosene and liquid oxygen every second and produced a force that could 
balance 690 tonnes of mass. It became obvious in its development that simply scaling 
up the design of contemporary engines was not going to work. Injecting so much 
propellant into a huge 90-centimetre chamber often led to brutal combustion 
instability that destroyed engine after engine. It took nearly five years of trial and 
error for engineers at the Rocketdyne company to tame the F-1 to the point where a 
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Five F-1 engines at the base of an unused Saturn first stage. 


small bomb could be ignited within its combustion chamber and the resultant 
instability would dampen itself out within half a second. 


The J-2: a high-energy engine 

While the F-1 used conventional kerosene-type fuel for brute force, the J-2 achieved 
almost double the efficiency through the use of relatively exotic liquid hydrogen. 
However, despite being more efficient, it could not match the raw power levels 
attained by the F-1, which made it more suitable for an upper stage. A single engine 
could balance over 100 tonnes and it could be restarted in space. It traced its origins 
to work done in the 1950s to create a hydrogen-burning rocket engine, but its 
development funding came solely from NASA who wanted the inherent benefits of 
hydrogen applied to its Saturn vehicles. 


The Saturn V 

Engineers at Marshall worked through a series of potential configurations before 
they finally arrived at a super-booster that would have the capability to complete an 
Earth-orbital-rendezvous mission with two launches, or a lunar-orbital-rendezvous 
mission with only one — the Saturn V. Including the Apollo spacecraft and launch 
escape system on top, it was a 110-metre-tall behemoth. After an often acrimonious 
tendering process the manufacture of each of its three stages was assigned to a 
different company, and every part of the production was carefully monitored by 
NASA’s engineers. Each stage differed in size and power and each presented unique 
difficulties for its designers. 
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Apollo 8’s S-IC stage during operations in the VAB at Kennedy Space Center. (NASA) 
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The first stage: S-IC — Raw power 

Although the S-IC (pronounced s-one-c) was the largest of the Saturn V stages, its 
manufacturer, Boeing, had relatively few problems constructing it. The design was 
conservative and largely a straightforward stretch of then-current technologies. To 
lift the Saturn V’s 3,000 tonnes, five F-1 engines were clustered at the base. Steering 
was provided by mounting the four outer engines on gimbals. The onboard guidance 
system pointed them very precisely to direct their great force in the direction required 
to send the space vehicle where it was intended to go. The rest of the stage’s 42-metre 
length comprised two huge tanks, each 10 metres across, stacked one above the 
other. Over 800,000 litres of refined kerosene fuel called RP-1, similar to that used in 
jet aircraft, sat in the lower tank, while the upper tank carried 1.3 million litres of 
very cold liquid oxygen (LOX) — a cryogenic propellant whose temperature had to be 
less than minus 183°C to render it liquid. Although the LOX tank was huge, 
reputedly not as much as the residue from a fingerprint was permitted to be left on its 
interior, lest this cause an explosion when LOX was pumped in. Five enormous 
insulated ducts from the LOX tank ran down through the fuel tank to feed oxidiser 
to the engines. 

Despite its dominance of the Saturn V’s profile, the S-IC’s contribution to an 
Apollo flight lasted a little over 2’ minutes. Then it was cast away to fall into the 
Atlantic Ocean 650 kilometres from the launch pad, where 13 examples now litter the 
sea floor. 


The third stage: S-IVB — Extremes of temperature 

The smallest stage of the Saturn V was the S-IVB (pronounced s-four-b), and it was 
the earliest to fly. McDonnell Douglas had already been building them as the second 
stage of the Saturn IB rocket and little modification was needed to make it work with 
the rest of the Saturn V stack. It used the high-energy combination of liquid 
hydrogen and oxygen burning in a single restartable J-2 engine. 

Liquid hydrogen is another cryogenic propellant, although in this case to become 
liquid it had to be brought down to minus 253°C, or 20 K; a mere 20 degrees above 
absolute zero. Rather than having two separate tanks that would require a heavy 
support structure between them, substantial mass was saved by fabricating one huge 
tank for both cryogenic propellants with an insulated bulkhead separating the lower, 
ellipsoidal compartment containing LOX from the liquid hydrogen in the larger 
upper section. As materials can have odd properties at these extremely low 
temperatures, insulation was painstakingly applied to the tank’s interior in the form 
of carefully machined polyurethane foam blocks to protect the adhesive and the 
tank’s aluminium skin. Including the conical interstage that joined it to the two 
lower stages, the overall length of the stage was 18 metres with a 6.6-metre-diameter 
tank section. 


The second stage: S-II — A difficult birth 

The S-II (pronounced s-two) stage was the last of the Saturn’s three stages to be 
developed, and while the other two stages faced formidable engineering problems, 
neither caused the kind of headaches that the S-II gave managers at NASA and 
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Apollo 12’s S-IVB stage during transportation operations on a Super Guppy aircraft. 
(NASA) 


North American Aviation, the company that won the contract to build it. The stage 
not only had to carry cryogenic propellants, it was large. It matched the 10-metre 
diameter of the S-IC and was nearly 25 metres long. Additionally, because the other 
two stages were much further along in their design cycles, any demands for 
reductions in mass tended to be made of the S-II. The decreasing mass of the stage 
during development led to the inadvertent destruction of two stages in ground testing 
and, for a while, the S-IT became the pacing item in the race for the Moon. Indeed, in 
the wake of the Apollo | tragedy, scathing reports on the management style of North 
American — which was also building the Apollo spacecraft — came close to ending the 
Apollo programme. 

At first glance, the S-II is like a very large S-IVB, as both shared the same basic 
tank design utilising a common bulkhead. However, North American chose to save 
further weight by fabricating the tank walls from metal alloys that actually gained in 
strength when chilled by liquid hydrogen. This meant that insulation would be added 
to the outside and the adhesive had to work at 20 K. Initially, engineers used panels 
of honeycomb filled with polyurethane foam. They then found that gaps between the 
insulation and the tank wall caused the air within to freeze and the panels to loosen 
or fall off. Eventually, an arrangement of grooves within the insulation was 
implemented which was purged with helium (which would not freeze) while fuel was 
being loaded. This proved unsatisfactory, and starting with the S-II for Apollo 13, a 
spray-on foam was directly applied to the tank walls which not only provided 
improved insulation but also saved on weight and cost and eliminated the helium 
purge. 

Power for the S-II came from five non-restartable J-2 engines which produced a 
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Apollo 10’s S-II stage about to be stacked as part of the launch vehicle. (NASA) 


combined thrust that could balance 520 tonnes. As with the S-IC, the stage was 
steered by commands which swivelled the four outboard engines. 


Instrument unit: the mind of the machine 
One of the fortuitous design choices made by the Apollo/Saturn engineers was 
that the rocket ought to depend, in the first instance, on its own guidance system 
rather than being controlled by the one in the spacecraft. All the equipment 
required to autonomously steer the vehicle was mounted on the inside of a 6.6- 
metre annular ring positioned atop the S-IVB that extended the height of the 
launch vehicle by one metre. This was the instrument unit, and examples were 
installed on both the Saturn IB and Saturn V. The unit included a digital 
computer, a stabilised guidance platform, sequencers and other kit to control the 
entire launch, the ascent to orbit and the burn to the Moon. However, 
arrangements were also made to allow the Apollo spacecraft to control the 
Saturn V in case of an instrument unit failure. 

The Apollo 12 flight of November 1969 vindicated the engineers’ decision when 
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The instrument unit for Apollo 12 installed at the top of the launch vehicle stack prior 
to the addition of the Apollo spacecraft. (NASA) 


lightning hit the ascending vehicle shortly after launch. The guidance system in the 
command module was temporarily knocked out by the surge of current, yet the 
Saturn continued on its way under the control of its instrument unit, giving mission 
control and the crew time to recover from the disruption. Had the spacecraft’s 
systems been in control, the vehicle would have strayed off course and the mission 
would surely have been aborted by firing the LES motor. 


Saturn’s legacy 

American companies learned a lot from building the Saturn; it was experience that 
was applied to the other fleets of rockets they built — the advanced versions of the 
Atlas, Delta and Titan families. However, it took over 30 years for these expendable 
rockets to match even the thrust of the Saturn IB, itself only as powerful as a single 
F-1 engine on the base of a Saturn V. After Apollo, America’s heavy lift capability 
was entrusted to the Space Shuttle, which could match the lift-off thrust of the 
Saturn V but only by the dangerous expedient of employing massive solid-fuelled 
boosters that tragically constrained the spacecraft’s safety during ascent. 

It is debatable whether the Shuttle system was a more cost-effective means of 
lifting large payloads to orbit. However, not only did the Saturn never kill anyone as 
it roared into space, it also gave crews survivable options to escape from a serious 
mishap at every stage of its flight. Yet, despite its spectacular success, the remaining 
Saturn V stages now hang as museum pieces or as lawn ornaments at various NASA 
centres while exquisitely built F-1 and J-2 engines sit out in the Florida rain to be 
poked and prodded by curious tourists. One day soon they will be joined by the 
retired Shuttles. 


ps 
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AN ALPHABET OF MISSIONS 


Owen Maynard, one of the engineers who had been designing manned spacecraft for 
NASA from the beginning, reduced the task of reaching the Moon to a series of 
missions that, one by one, would push Apollo’s capability all the way to the lunar 
surface. These missions were assigned letters of the alphabet: A, B, C, etc. Managers 
believed that if the lunar goal was to be realised, each mission would have to be 
accomplished, with some missions possibly involving more than one flight. 


e An A-mission would be an unmanned test of the Saturn V rocket to rate it for 
manned flight and test the ability of the Apollo command module to re-enter 
Earth’s atmosphere safely. 

e A B-mission would take an unmanned lunar module up into space for a 
workout. It would be launched by a Saturn IB launch vehicle. 

e A C-mission would be an Earth orbital test of the CSM with a crew, again 
using the Saturn IB. 

e A D-mission would be a full manned test in Earth orbit of the CSM and LM 
Apollo system, launched by a Saturn V. 

e An E-Mission would see NASA move away from the Earth with another full 
test of both spacecraft, this time in an orbit that would reach much higher 
than any manned spacecraft had previously flown, in order to test the 
combination away from Earth where navigation, thermal control and 
communications would be different. 

e An F-mission would be a full dress rehearsal of a flight to the Moon, carrying 
out every manoeuvre except the actual landing. This would give crews in the 
spacecraft and the people in mission control their first operational experience 
of lunar orbit. 

e The G-mission would attempt to land on the Moon. Its goal would not 
extend much beyond the landing itself, as the two-man crew of the lander 
would take only one short walk on the lunar surface. 
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This was the plan, but circumstances altered the manner in which these mission 
were achieved. Three further mission types were later envisaged by the planners. 


e An H-mission would maximise the capabilities of the basic lander to enable a 
crew to make two forays outside their craft on foot, and to deploy a suite of 
science instruments on the surface. 

e An J-mission would have used only the CSM for a month-long stay in an 
orbit whose ground track would include the lunar poles. Cameras and other 
remote-sensing instruments built either into the side of the service module, or 
aboard an instrumented module docked onto the CSM, would have mapped 
the entire Moon. However, no such mission was ever flown. 

e A J-mission was the final type to enter the planners’ lexicon and would use an 
uprated Saturn V and LM to extend surface operations to three days. In the 
event, the CSM included remote-sensing instruments and the LM delivered a 
little electric car to enable its crew to venture much further around the landing 
site and explore areas with multiple scientific objectives. 


When Kennedy’s challenge was made, NASA had barely dipped its toe into space 
with the Mercury programme. Before an advanced spacecraft like Apollo could head 
for the Moon, the agency had to address a lot of basic questions about how to fly in 
space. The Gemini programme was its classroom. Across two hectic years of 1965 
and 1966, ten increasingly ambitious flights were launched at bi-monthly intervals to 
test techniques for Apollo; in particular controlled re-entry, rendezvous, docking, 
spacewalking and long-duration flights. Its achievements placed America ahead in 
the space race for the first time, and as ‘Go-fever’ gripped the agency, NASA looked 
forward to getting the Apollo programme flying in the new year of 1967. 

The bulk of this book deals with the steps involved in flying to the Moon rather 
than the sequence of the flights themselves. However, to give the reader a historical 
perspective the following is a resumé of what each flight achieved. 


FAILURE OF IMAGINATION 


As soon as the world learned of Sputnik’s launch, it was clear that the United States 
lagged behind the Soviet Union in the lifting capacity of their launch vehicles. But 
this was no failing of their designers. Rather, most rocket research to this point had 
been in support of both nations’ nuclear weapons programmes and because US 
designers were better at building smaller, lighter weapons their rockets were smaller. 
The Atlas missile used for the Mercury orbital flights and the Titan for the Gemini 
programme were really delivery systems for nuclear weapons, and struggled to lift 
their manned payloads. It became habitual for designers to minimise payload weight 
as they strove to maximise the capability of their spacecraft within the constraints of 
the available rockets. One decision to save weight would have tragic consequences 
for what was to have been the first manned Apollo mission. 

On Earth, the atmosphere consists of four-fifths nitrogen and one fifth oxygen, 
the latter being the gas that sustains life. To save the substantial mass of the 
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equipment required to supply two FZ 7X ; = 
gases in a manned spacecraft, NASA \ | ea 
decided that the cabins of its space- . ge - 
craft would be filled with 100 per = 

cent oxygen, but at a low pressure to y 
ensure that the crew received only 
the concentration of oxygen mole- 
cules to which their lungs were 
accustomed. This single-gas arrange- 
ment worked well throughout the 
Mercury and Gemini programmes, 
and was a sound engineering deci- 
sion, but as the first Apollo crew 
were preparing their spacecraft for 
flight, this nearly ended the pro- 
gramme. 

On 27 January 1967, the AS-204 
mission was three weeks away from 
its planned launch. It was so desig- 
nated because it was to use the 
fourth vehicle in the Saturn IB series. 
Informally, it was dubbed Apollo 1. 
The Apollo spacecraft, CSM number 
012, was a Block I type and was 
sitting on top of an unfuelled launch 
vehicle. Its crew of three were strapped in for a ‘plugs out’ countdown simulation in 
which the ability of the entire space vehicle to function on its own power would be 
tested. The cabin had been deliberately overpressurised with pure oxygen in order to 
test for leaks, as had been done in ground tests for the Mercury and Gemini 
programmes. Five and a half hours into a simulated countdown that had made only 
halting progress, a fire began near the commander’s feet. In the super-oxygenated 
environment, this quickly grew into an intense conflagration that ruptured the hull 
of the spacecraft and asphyxiated the three crewmen — Gus Grissom, Ed White and 
Roger Chaffee. 

NASA sustained heavy criticism from the press and the political classes for this 
tragedy. Some was directed at the manufacturer, North American Aviation, with 
accusations of sloppy workmanship. North American rebutted, pointing out that as 
it tried to build the spacecraft, NASA had insisted on interfering with the process by 
ordering a multitude of changes. In congressional hearings on the fire, astronaut 
Frank Borman appealed for support from the lawmakers. ‘‘We are confident in our 
management, our engineering and ourselves. I think the question is: are you 
confident in us?” 

NASA learned many lessons from this accident and applied them to the rest of the 
Apollo programme. Some commentators have argued, convincingly, that there was a 
very real possibility that, had the fire not occurred, NASA would never have realised 


CM-012 scorched by the intense heat from its 
internal conflagration. (NASA) 
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its lunar dream. They point out that the shock of the deaths spurred all those 
involved in the programme, especially at NASA and North American, to make the 
Block I spacecraft into the great spacefaring ship it became. Without the changes 
imposed by the tragedy, casualties may have occurred later in the programme, 
possibly in space. At the very least, the development problems of the Block I Apollo 
spacecraft would probably have crippled the programme at a later stage had they not 
been brought into sharp focus so early on. 

Although NASA wanted to keep this unflown mission’s name as AS-204, it 
acceded to the widows’ requests that the name Apollo 1 be reserved for their dead 
husbands’ flight. Crews had been in training for Apollos 2 and 3, scheduled for later 
in 1967, but they were cancelled. 

Meanwhile, a few months after the Apollo fire the Soviet Union grieved at its first 
loss of a cosmonaut during a test of the new Soyuz spacecraft. Both nations therefore 
had to cope with setbacks in their race to the Moon. 


BACK IN THE SADDLE: APOLLO 4 


NASA resumed Apollo operations on 
9 November 1967 with Apollo 4. It was 
an A-mission to test the Saturn V 
launch vehicle. As so often happens 
with new, complex systems, getting this 
vehicle ready for flight proved to be a 
slow, difficult affair. Its S-II stage 
repeatedly exhibited cracks during in- 
spections, and the unmanned Block I 
spacecraft, CSM-017, tested modifica- 
tions called for by the investigation 
into the AS-204 fire. 

The Saturn V launch vehicle turned 
the normal procedures of rocket devel- 
opment upside down. Traditionally, 
engineers undertook a careful, pro- 
gressive programme of testing a rocket 
stage to ensure that it worked before 
setting another stage on top, and 
testing that. To test the entire config- 
uration at once — so-called all-up 
testing — was deemed too risky. How- 
ever, when George Mueller became 
head of NASA’s Office of Manned 
Space Flight in 1963 he argued that the -— 
incremental approach to testing rocket The launch of Apollo 4, the first flight of the 
stages not only wasted expensive Saturn V. (NASA) 
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flight-capable stages, it also wasted precious time. He ordered that the engineering 
and ground testing of the rocket’s components should be of such a quality that all 
stages of the vehicle could be flight tested at the same time. Apollo 4 would prove to 
be a triumphant vindication of this strategy. The launch issued a noise like nothing 
that had ever been heard at the Kennedy Space Center, and this blew away much of 
the lingering pessimism from the spacecraft fire. As the acoustic and thermal energy 
was enough to cause substantial damage to the launch tower, NASA had 
subsequently to make modifications to the launch pads in order to suppress the 
extreme conditions. 

As well as testing the entire rocket system, Apollo 4 placed its CSM payload into a 
high ballistic arc. From here, the SPS engine powered the command module into a 
high-speed dive into the atmosphere to test its heatshield by re-entering at the speed 
it would have if it were returning from the Moon. The CM was recovered from the 
Pacific Ocean after an 8’4-hour flight that, in all important respects, was a complete 
success. 


THE LUNAR MODULE FLIES: APOLLO 5 


Launched on 22 January 1968, Apollo 5 is the flight that history treats almost as a 
footnote. It was neither manned nor did it have the remarkable Saturn V as its 
launch vehicle. It used the AS-204 launch vehicle that had been intended to lift 
Apollo 1, but it is important to the story because, as a B-mission, it tested the first 
Apollo lunar module, LM-1. The test allowed engineers to verify the lunar module’s 
structure and its response to the launch environment, and it gave them their first 
opportunity to test the spacecraft’s two 
engines in the space environment. 

In the case of the ascent engine, it 
was NASA’s first opportunity to try 
out a fire-in-the-hole burn when they 
ignited the ascent engine just as the 
descent stage was being jettisoned. In 
their effort to give crews the best 
possible chance of escape from any 
reasonable failure of equipment, the 
LM’s designers planned that if the 
descent engine should fail while a crew 
were descending to the Moon, the 
ascent engine should fire and lift the 
crew back to the safety of an orbit. For 
this to happen, its engine would have 
to ignite while the descent stage was 
still in place. Despite some problems, 
the legless module successfully demon- Lunar Module-1, without landing gear, being 
strated everything that was asked of it, mated to its adapter. (NASA) 
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and a second B-mission was cancelled. The second test lander, LM-2, is now on 
display at the National Air and Space Museum in Washington DC. The next 
spacecraft to fly, LM-3, would be entrusted with the lives of two men. 


THE SATURN BALKS: APOLLO 6 


By the spring of 1968, with two flights completed, the Apollo programme seemed to be 
hitting its stride. It had demonstrated all three stages of the Saturn V worked, the 
command module had survived its high-speed re-entry, and an early version of the 
lunar module had performed satisfactorily. Before the Saturn V could be declared fit 
to carry astronauts, a second A-mission was required. This flight was named Apollo 6 
and, once again, events unfolded that threatened to stop the programme in its tracks. 

After a successful lift-off on 4 April 1968, the first problem appeared towards the 
end of the S-IC’s flight. Rockets have always been prone to vibrations along their 
length, but for about ten seconds immediately before the first stage was to shut 
down, the longitudinal shaking of the entire vehicle (known as pogo) became 
alarming. Meanwhile, at the front end of the rocket, a conical aerodynamic shroud 
that would normally protect the lunar module (not carried on this flight) was losing 
chunks of its outer surface. Since this section had to support the mass of the CSM 
multiplied by the g-forces of acceleration, its structural integrity was of some 
concern. 

Halfway through the flight of the S-II stage, one of its five J-2 engines began to 
falter, prompting the instrument unit to shut it down. As it did so, another engine 
that had been showing no distress also shut down, causing the thrust from the other 
three to be applied asymmetrically. Considering that the Saturn’s control system had 
been programmed only to deal with a single-engine failure, it did a remarkably good 
job of compensating for the off-axis thrust and burned the remaining engines for 
longer on the residual propellant. The first burn of the S-IVB third stage successfully 
put the vehicle into orbit, but a subsequent command to restart the engine failed. 
Some of the flight’s objectives were met, but if the problems could not be fixed, 
NASA would not dare to put men on top of the next Saturn V, as was being 
considered instead of a third A-mission test. 

In the event, engineers managed to find solutions for all these problems. The first 
stage vibrations were suppressed by the addition of helium gas to cavities in the LOX 
feed lines, which damped out pressure oscillations. Elaborate tests on the J-2 engine 
discovered a design fault in a liquid hydrogen fuel line that had not only caused one 
of the engines on the S-II to shut down but also prevented the S-IVB from restarting. 
Compounding the S-II problem, a wiring error had sent the shutdown command 
from the Saturn’s instrument unit to the wrong engine, shutting it down 
unnecessarily. The aerodynamic shroud had failed because frictional atmospheric 
heating as the rocket went supersonic caused trapped moisture and air within its 
aluminium honeycomb sandwich skin to expand, in turn causing the skin to peel off 
in sheets. This problem was remedied by making small ventilation holes in the 
shroud’s skin and adding cork insulation. 
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The launch vehicle issues apart, the CSM-020 spacecraft successfully performed a 
number of remote-controlled manoeuvres and was recovered from the Pacific Ocean. 
Preparations for Apollo 7 continued because it would use a Saturn IB launch vehicle. 
It was decided that if this mission went well, the third Saturn V would indeed carry a 
crew. 


TESTING THE BLOCK I: APOLLO 7 


The Apollo programme became a juggernaut towards the end of 1968 as flights were 
launched every two or three months in the race to achieve Kennedy’s deadline. The 
C-mission of Apollo 7 gave the Block II spacecraft, without a lander, its first manned 
test. It began on 11 October 1968 with a launch by the smaller Saturn IB vehicle. Its 
crew of Wally Schirra, Donn Eisele and Walt Cunningham spent 11 days orbiting 
Earth, which was more than enough time for a mission to get to the Moon and back, 
and it proved the CSM to be a worthy, spacefaring ship. 

As soon as the spacecraft achieved orbit, the crew separated it from the S-IVB 
second stage and attempted to practise the type of turnaround manoeuvre that 
would be required of future flights, when the lander would have to be plucked from 
inside its protective shroud. As soon as he saw the S-IVB, Schirra noticed that one of 
the four hinged petals of the shroud had not fully deployed. He cancelled a simulated 
approach manoeuvre for fear of it hitting the spacecraft, and later recommended that 
the panels be jettisoned instead. 


Apollo 7’s S-IVB and its deployed shroud petals in Earth orbit. (NASA 
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The Florida peninsula as seen from Apollo 7. (NASA) 


Throughout the early part of the mission, the crew concentrated on achieving 
their most important goals: firing the main engine repeatedly to make rendezvous 
passes with the S-IVB (whereupon it was noted that the balky shroud petal had 
properly deployed) and proving the operation of their navigation system. With these 
tests satisfactorily performed, the crew spent their remaining time carrying out 
secondary tests of the Apollo system and completing a programme of Earth 
photography. 

Despite the operational success of the mission, history tends to remember it for 
the breakdown in relations between the crew and flight controllers in mission 
control. A dose of the common cold made its normally wise-cracking commander 
increasingly grumpy. In weightlessness, the symptoms of cold are exacerbated by the 
inability of the congested head to drain itself. The other two crewmen, both rookies, 
were drawn into the soured atmosphere with the result that, having irritated 
management, neither man flew in space again. Schirra had already announced his 
retirement from space flight. 


GUTSY DECISIONS: APOLLO 8 


Even before Apollo 7 was launched, managers were dreaming up something special 
for Apollo 8: an audacious six-day flight to the Moon in a hastily arranged mission 
which turned an otherwise unfavourable set of circumstances into a blessing. 
Apollo 8 had originally been planned as the D-mission, a test of the entire Apollo 
system including a lunar module in low Earth orbit, on the assumption that Apollo 7 
would successfully carry out the C-mission. However, the first man-capable LM was 
not ready for flight owing to a litany of problems: stress fractures had appeared in 
some of its structural components; the type of wiring used on the intended spacecraft 
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The Moon’s far side, photographed from Apollo 8 after it departed for Earth. The 
distinctive dark-floored crater is Jenner, 71 kilometres in diameter. (NASA) 


was prone to breakage; and the engine for the ascent stage was prone to combustion 
instability. Bereft of a LM, managers were unwilling simply to repeat Apollo 7, so 
they altered the mission sequence and brought the deep-space goals of the E-mission 
forward, but without a lander. 

Furthermore, they took the gutsy decision to send the CSM all the way to the 
Moon and place it into lunar orbit. Although this would fulfil some of the goals of 
the E-mission (deep-space tracking, deep-space thermal control, lunar navigation), 
the fact that it would be a CSM-only flight prompted NASA to label it the C-prime- 
mission. Although it would provide operational experience needed to manage lunar 
missions, its unstated purpose was to reach the vicinity of the Moon before the 
Soviet Union. Intelligence reports suggested that the Soviets were preparing to send 
a crew on a flight that would loop around the back of the Moon and head straight 


38 The Apollo flights: a brief history 


back to Earth, and the propaganda 
value of such a circumlunar mission 
would be immense. On the other hand, 
if the Americans could get there first, 
and enter orbit around the Moon, they 
could claim to have essentially won the 
space race as long as the Soviets did 
not achieve a landing. 

On the morning of 21 December 
1968 Frank Borman, Bill Anders and 
Jim Lovell rode a Saturn V away from 
TV image of the Moon’s sunrise terminator as Earth to become the first people to 
seen through a spacecraft window, broadcast swap the Earth’s gravitational hold for 
as the Apollo 8 crew read from the book of that of another world. The three-day 
Genesis. (NASA) long coast out to the Moon gave Jim 

Lovell plenty of time to practise 
monitoring the ship’s trajectory by taking sightings of Earth, the Moon and the 
stars. On 24 December 1968, Apollo 8 took its crew around the lunar far side where 
they fired its SPS engine to enter lunar orbit to begin 10 revolutions, each lasting two 
hours. As they coasted 110 kilometres above the cratered surface, the crew closely 
examined two sites that were being considered for the first landing and, along with 
tracking stations on Earth, practised techniques for navigating while orbiting the 
Moon. Much of Earth’s population with access to television watched with 
amazement when the crew made an extraordinary Christmas-time black-and-white 
television broadcast made on the penultimate orbit, during which they read the first 
few verses from the Bible’s Book of Genesis while the stark early morning landscape 
of the Moon passed in front of the camera. 

If their burn to enter lunar orbit had failed, the crew would have simply slingshot 
around the Moon and returned to Earth with little intervention — just as the Soviets 
intended to do — but the burn had been performed successfully and the spacecraft 
had entered orbit. It was Apollo 8’s next manoeuvre that really scared the managers. 
Although the SPS engine had been designed for reliability, everyone was aware that 
its failure would doom the crew to stay forever in the Moon’s grasp. Worse, because 
the engine burn would take place around the Moon’s far side, no one on Earth 
would be able to monitor its progress, and instead would have to wait until the 
spacecraft re-emerged, hopefully on a path for home. Shortly after midnight in 
Houston, Texas, on Christmas Day, Apollo 8 reappeared around the Moon’s eastern 
limb exactly on time, with Jim Lovell’s playful words to mission control, “‘Please be 
informed, there is a Santa Claus.” 

Apollo 8’s voyage to the Moon raised the morale of the many thousands who 
were working brutally long hours to achieve the landing goal, and by allowing 
navigation, thermal control and communication procedures to be tested it gave 
NASA the operational experience it needed to make future lunar trips. On a 
philosophical level, the flight gave the human race its first glimpse of its home planet 
as seen from another world. In addition to television views of Earth from a vantage 
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The first image of Earthrise taken by a human. Bill Anders’s Apollo 8 photograph was 
taken a few seconds before more famous colour images were snapped. (NASA) 


point between the two worlds, while orbiting the Moon the awed astronauts 
photographed their home planet rising over a barren lunar horizon. These 
photographs would later become a catalyst for the rise of the environmental 
movement and were true icons of the age. 


A COMPLETE SYSTEM TEST: APOLLO 9 


By now NASA had confidence in the Apollo CSM, but no one had yet flown inside 
the flimsy lander that was to take crews to the Moon’s surface. NASA ticked the D- 
mission box by flying the entire Apollo system, consisting of the main spacecraft and 
a fully configured lander, LM-3, in Earth orbit as Apollo 9. It was to rehearse all the 
manoeuvres that a Moon flight would require. It also marked the first time 
astronauts would entrust themselves to a spacecraft that had no heatshield and 
therefore would not be able to bring them home in an emergency, but it was a trust 
that would have to be gained if the LM was to take their colleagues to the Moon’s 
surface. 

After a successful launch on 3 March 1969, the crew followed a ten-day timeline 
roughly similar to a lunar mission but without leaving low Earth orbit. This began 
with retrieval of the LM from its station on top of the S-IVB stage, one of many 
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firsts achieved in this crammed mission. Controllers on the ground then commanded 
the now discarded booster to reignite its engine and leave Earth’s vicinity, as if 
dispatching an Apollo mission to the Moon. The spent stage eventually escaped 
Earth’s gravity to enter its own independent orbit around the Sun. After a number of 
firings of their SPS engine to set up the correct orbit, Jim McDivitt and Rusty 
Schweickart entered the LM, call sign Spider, and powered it up. David Scott 
remained behind in Gumdrop, the CSM. The names selected by the crews simply 
reflected the shapes of their spacecraft. 

Schweickart was to venture out of the LM’s front hatch in order to test the type of 


Rusty Schweickart’s view from the porch of lunar module Spider looking along CSM 
Gumdrop with David Scott working out of its side hatch on Apollo 9. (NASA) 
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spacesuit and back pack that crews were to use on the Moon and demonstrate that, 
in the event of an unsuccessful docking or a blocked tunnel, a crewman could make 
his way from one spacecraft to another by using external handrails, but this 
spacewalk was reduced in scope when Schweickart suffered a bout of space 
adaptation sickness on the day prior to his task. Managers still had little experience 
of this condition and allowed him only to move out onto the LM ‘porch’ to prove the 
space-worthiness of the suit and back pack, while Scott stood in Gumdrop’s hatch to 
retrieve experiments from the skin of his own spacecraft. 

Four days into the flight, McDivitt and Schweickart sealed the tunnel between the 
two vehicles and undocked Spider. After a visual inspection by Scott, they fired the 
LM’s descent engine to move 185 kilometres away from Gumdrop and set up the 
conditions for a lunar-type rendezvous. After the descent stage had been jettisoned, 
they flew the ascent stage back to the command module, as would happen on a lunar 
mission, and eventually docked and transferred back to the company of Scott 
without difficulty. 

For the remainder of the flight, the crew practised navigation techniques, made 
multiple adjustments to their orbit with their dependable SPS engine, and carried out 
experiments including multispectral photography of Earth in support of future Earth 
resources satellite programmes and the manned Skylab orbital workshop. Although 
less glamorous than the missions to come, Apollo 9 was a highly successful overture 
to Apollo’s climax: flying to the Moon. 


A DRESS REHEARSAL: APOLLO 10 


Most of the major components and procedures required for a Moon landing had 
been tested, though not always in the context in which they would be needed during 
a lunar flight. In order to minimise the surprises that might face the landing mission, 
NASA wanted to practise a complete lunar mission as far as they dare, short of 
beginning the final descent to the Moon. This dress rehearsal flight, the F-mission, 
was accomplished by Apollo 10, flown by Tom Stafford, Eugene Cernan and John 
Young. Their spacecraft were named after characters in Charles Schulz’s popular 
cartoon strip Peanuts, who had also featured in NASA campaigns to promote 
quality control in the programme. The CSM was therefore named Charlie Brown 
while the LM took the name Snoopy. 

Launch took place on 18 May 1969 and, for the first time, all the functions of the 
CSM to take a lunar module to an orbit 110 kilometres above the Moon had to 
work. Once the two docked spacecraft had successfully entered a lunar parking orbit, 
the crew settled down for their first night in the Moon’s vicinity as their ship hurtled 
above its surface at 5,800 kilometres per hour. Next day, Stafford and Cernan 
entered Snoopy’s cabin, separated from Young in Charlie Brown, and took the LM 
into the same low orbit from which a landing mission would make its final descent. 
This orbit brought Snoopy down to an altitude of less than 14,500 metres above the 
lunar terrain from where Stafford photographed and described the approach to the 
landing site that had been selected. The most important task was to prove that lunar 
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Waypoints to a landing. Left, crater Moltke at 6-km diameter. Right, the Apollo 10 
CSM Charlie Brown flies above a triangular feature named ‘Mount Marilyn’ by Jim 
Lovell. Both features led to way to the Apollo 11 landing site. (NASA) 


orbit rendezvous would work as planned. After they jettisoned the descent stage, the 
ascent engine was used to set up an orbital situation similar to that which would be 
presented after lift-off from the Moon. NASA’s management had once been wary of 
the idea of two speeding craft being brought into close proximity while in orbit 
around another world, and they wished to prove that their techniques worked prior 
to committing a lander to the surface. This successful rendezvous and docking finally 
cleared the way to a landing attempt. 

Thanks to the usual predictability of the gathered media, Apollo 10 is more often 
remembered for the ‘son-of-a-bitch’ language Cernan used when a pilot error caused 
the LM to gyrate unexpectedly as the descent stage was being jettisoned. The journey 
home was uneventful except for the unprecedented colour television coverage of a 
receding Moon that was beamed to Earth soon after Charlie Brown’s SPS engine was 
fired. Stafford had promoted the importance of TV on Apollo, not only to the 
public, but also to engineers and lunar scientists. The 8-day flight of Apollo 10 put 
NASA on the home straight, leaving the G-mission with no unknowns except the 
landing itself. 


TASK ACCOMPLISHED: APOLLO 11 


Apollo 11 departed the Kennedy Space Center in the early morning of 16 July 1969 
on a mission that would culminate in an attempt to land on the lunar surface. It is 
widely quoted that over a million people gathered in the vicinity of Cape Canaveral 
to witness the start of what promised to be a defining event in human history. For 
the first four days, its crew of Neil Armstrong as commander, lunar module pilot 
Edwin ‘Buzz’ Aldrin and the command module pilot Michael Collins followed a path 
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The Apollo 11 crew during suiting-up operations before their flight. Neil Armstrong, 
Buzz Aldrin and Michael Collins. (NASA) 


blazed by their predecessors. They even took time out to give viewers to the TV 
networks an extended tour of their lunar module, Eagle, with an improved colour 
camera. 

On the fourth day, Armstrong and Aldrin left the command module, Columbia, in 
the charge of Collins, undocked, and fired Eagle’s descent engine to enter the descent 
orbit around the Moon. As communications proved to be somewhat troublesome, 
Armstrong reorientated the LM slightly in order to improve reception. On 
approaching the point where they were to reignite the engine for the landing phase, 
Armstrong timed the passage of landmarks to determine whether their trajectory was 
as it should be, and saw that they seemed to be a little ahead. The engine was ignited 
on time, and after several minutes of continuing to monitor the passage of the 
landscape below they rotated the LM to allow its radar to take altitude and velocity 
measurements. 

At this point, things became hair-raising, especially for the flight controllers in 
Houston who lacked the crew’s situational awareness. Thanks to a subtle flaw in the 
spacecraft’s electronic systems, the computer began to complain of being overloaded. 
It displayed debugging codes that were never meant to be seen during a flight and 
which most people at mission control, as well as the two men in the spacecraft, had 
little knowledge of. However, just two weeks before the mission, the LM computer 
experts had studied a large number of such codes, including those that the crew were 
seeing. Given that the vehicle was otherwise operating normally, they recommended 
that the descent continue. 

Armstrong was able to monitor where on the lunar landscape the computer was 
guiding them as Aldrin read out relevant numbers. When he saw that their 
destination appeared to be a boulder field near a large crater, he put himself in the 
control loop earlier than planned, and manoeuvred to smoother ground 300 metres 
further along the flight path. Meanwhile, mission control began to worry about a 
shortage of propellant. When only 15 seconds remained before mission control 
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would have advised the crew to abort the landing attempt, Eagle successfully realised 
John F. Kennedy’s goal on 20 July 1969 by touching down in the southwest corner of 
Mare Tranquillitatis. 

In the minds of the crew the difficult part of Apollo’s goal had been achieved, yet 
the public was more eager to witness an event whose scale was much more human 
and personal. This was the moment when a man made a boot impression in the lunar 
dust. Armstrong later pointed out that the moonwalk carried far fewer dangers than 
manoeuvring seven tonnes of flimsy spacecraft loaded with explosive propellants 
down onto an unknown rocky surface on the end of a rocket flame, while 
surrounded by a hard vacuum. Nonetheless, it was inconceivable that a crew would 
land on the Moon and not walk on the surface! 

Over the subsequent hours, in one of the most memorable television events in 
human history, Armstrong and then Aldrin descended the ladder onto the lunar 
surface. Observed by a black-and-white television camera whose mode of operation 
gave them a ghostly appearance, they took photographs, collected samples and set 
up three simple scientific experiments: a small seismometer, a laser reflector and a 
solar wind collector. The social significance was not forgotten when the flag of the 
United States was raised on behalf of the nation that had paid for the venture. 
Additionally, a plaque was unveiled to inform any future visitors to Tranquillity 
Base that its first visitors ‘““came in peace for all mankind” and the two explorers 
took a telephone call from President Richard Nixon. After 2% hours, the moonwalk 
ended. Armstrong and Aldrin took their exposed film and a box of lunar samples up 
to the ascent stage, repressurised the cabin and tried to get some fitful sleep before 


Buzz Aldrin deploys a seismometer at Tranquillity Base on Apollo 11. (NASA) 
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performing lift-off for the second time in less than a week. Their return to Collins in 
Columbia and the trip back to Earth were uneventful, concluding with a landing in 
the Pacific Ocean on 24 July. 

The Apollo programme had been designed to be aggressive from the outset, with 
launch facilities at KSC constructed for multiple or closely spaced launches. Now, 
with the moonlanding successfully accomplished, and America’s spending on the 
Vietnam War draining the nation’s purse, the scale of lunar exploration was cut back 
by Congress. Nevertheless, the sheer momentum of the programme brought another 
landing attempt only four months later. 


LIGHTNING STRIKES: APOLLO 12 


By concentrating almost single-mindedly on the goal of a manned lunar landing, 
secondary considerations like landing accuracy and science had taken a back seat. In 
the event, Apollo 11 had landed about seven kilometres beyond its planned site and 
for some time, no one knew exactly where they were. Not even Mike Collins had 
been able to see Eagle through his sextant — a powerful optical instrument built into 
Columbia’s hull. The science payload had been severely limited by mass constraints 
and lack of time. Future missions would make amends because the United States had 
invested heavily in the infrastructure to support Apollo and wanted to see results. It 
also demanded justification for the continuing costs. Fittingly, science became that 
justification. 

To gain knowledge from the Moon, NASA had to go to sites where Earth-based 
and orbital imagery suggested that answers to questions might lie. However, given 
the limited walking range of an astronaut on the lunar surface, the ability to land ‘on 
target’ became paramount. Although Apollo 12 was not sent anywhere of particular 
geological importance, it was given a very small target to aim for. Specifically, it was 
to land within walking distance of Surveyor 3, a small robotic lander that NASA had 
sent to Oceanus Procellarum in April 1967. 

The mission courted disaster in its first minute when the vehicle flew through a 
rain cloud and invoked a lightning strike. Regardless, the crew continued to the 
Moon amid fears that their command module may have been damaged by the surge 
of power that had passed through it. In the event, the CSM Yankee Clipper proved to 
be unharmed, and on 24 November 1969 Charles ‘Pete’ Conrad and Alan Bean 
landed their LM Intrepid some 1,500 kilometres west of where Eagle had landed and 
a mere 200 metres from Surveyor 3. This demonstrated that ground controllers and 
crew could bring a lunar module down exactly where they wished. Richard Gordon, 
orbiting overhead, confirmed their position by spotting both the LM and the 
Surveyor on the surface through his sextant. 

Since Apollo 12 was an H-mission, Conrad and Bean made two moonwalks. On 
the first they laid out an ALSEP which was an autonomous scientific station that 
operated on the lunar surface for many years after they left. The next day they 
hustled across the surface taking a circular route of over a kilometre, pausing at 
preplanned points of interest on the way to visit the Surveyor probe. After examining 


46 The Apollo flights: a brief history 


The unmanned spacecraft, Surveyor 3, with the Apollo 12 LM Intrepid beyond. (NASA) 


and photographing the probe, they removed pieces to enable researchers to study 
how well the hardware had survived 31 months of exposure to the lunar 
environment. In terms of public relations, the low point for this fun-loving crew 
was when their television camera was ruined early in the first moonwalk by being 
inadvertently pointed at the Sun. TV networks struggled to provide a visual 
accompaniment to the crew’s voice communication and audiences quickly became 
bored of listening to indistinct and often arcane yakking by the two guys on the 
surface. Nonetheless, like every crew after them, Conrad’s and Bean’s two joyous 
forays out on the surface yielded samples of greater bulk than the previous mission, 
and the scientists were more than happy with what they brought back. In particular, 
tiny grains of a very slightly radioactive rock type began to lift the lid on important 
aspects of the Moon’s early history. 

Despite concern that it may have been damaged during launch, Yankee Clipper’s 
successful splashdown concluded a successful, if charmed 10-day mission that was 
marred only by the loss of the TV coverage. 


THE SUCCESSFUL FAILURE: APOLLO 13 


Now that NASA knew how to land accurately on the Moon, it could pursue its 
science goals with increased vigour with a view to finding out how the Moon formed 
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Apollo 8 was the first to try to set up a PTC roll. Mission control gave Frank 
Borman an initial attitude that would place the spacecraft side-on to the Sun whilst 
avoiding gimbal lock and maintaining good communications. Once aligned, he 
began a constant, slow roll about the spacecraft’s longitudinal axis of only 0.1 degree 
per second which took an hour to make a full rotation. However, physics abhors 
such a rotation, at least in the long term, and especially when large quantities of fluid 
are involved. With time, the rotation axis itself began to rotate so that the long axis 
swept out a cone with an ever-increasing angle — a motion appropriately known as 
coning. 

It was soon found that this simple method of initiating and maintaining PTC 
would not be appropriate for later missions. The addition of a lunar module would 
lengthen the stack further and make the simple roll manoeuvre even more difficult 
to maintain. Instead, use was made of the tracking programs in the command 
module’s computer to carefully control the overall attitude as the rotation 
progressed. Another change for later missions was to generate a reference 
orientation for the platform, a REFSMMAT, which was particularly suited to 
the manoeuvre. 


STIRRING THE TANKS: GENESIS OF A FAILURE 


One of the regular tasks for the CMP was the perfectly routine stirring of the service 
module’s tanks that contained the cryogenic oxygen and hydrogen reactants for the 
fuel cells. Each tank was essentially an efficient vacuum flask whose contents were 
best described as being a very dense fog rather than a liquid. As the gas was drawn 
off for the fuel cells or for the cabin air, the pressure in the tanks reduced slightly. If 
gas pressure falls but the volume stays the same, then according to the gas law that 
shows how pressure, volume and temperature are related, the temperature will also 
fall. Therefore, electrical heaters, which could be switched on automatically or 
manually as required, were installed to help to maintain the tanks at their operating 
pressure. 

Two long devices ran through the middle of each tank. One was a set of heating 
elements wrapped around a supporting tube. Two fans were mounted, one at either 
end of the tube, to stir the tank’s contents. The other was a probe that determined 
the quantity of gas remaining in the tank. It consisted of a tube within a tube and it 
measured the electrical characteristics across the gap between — a quantity known as 
capacitance. The capacitance of the probe depended on the density of the gas 
between the tubes, and this could be calibrated to infer how much gas was present in 
the tank. However, in the weightless environment of space, the gas tended to gather 
in layers of differing densities against the probe, which skewed the readings. This was 
where the fans came in. At regular intervals, they were switched on to stir the 
contents of the tanks in order to homogenise its density and allow an accurate 
reading. When EECOM Sy Liebergot asked Capcom Jack Lousma to ask CMP Jack 
Swigert on Apollo 13 to stir the tanks in Odyssey’s service module almost 56 hours 
into the mission, the result became part of popular culture. 
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“13, we’ve got one more item for you, when 
you get a chance,”’ said Lousma. Liebergot had 
been getting poor data from the quantity 
sensors and had been calling for more frequent 
stirs. ““We’d like you to stir up your cryo 
tanks.” 

“Okay. Stand by,” replied Swigert. 

A minute or so passed as Swigert began to 
stir all four tanks sequentially. Suddenly, the 
data stream to Earth began to drop out, 
interrupting the flow of information about 
the spacecraft to the controllers’ displays. 
Something had disturbed the spacecraft’s 
attitude and caused its dish antenna to lose 
lock. Then a call came from Swigert. “I believe 
we’ve had a problem here.” 

“This is Houston,” said Lousma, his voice 
suddenly taking a more authoritative tone. 
“Say again, please?”’ 

Lovell immediately took over. “Houston, 
we’ve had a problem.” 

He then launched into a technical discussion 
of what was happening on board the space- 
craft. ““We’ve had a main bus B undervolt.” 
The CSM was losing power. 

So began a 4-day drama that gripped the 
world and seriously threatened the lives of the 
crew. The story was traced back 18 months, to 
when an oxygen tank originally intended for 
Apollo 10 was dropped several centimetres. 
Although the tank appeared to be unda- 
maged, a tube to allow it to be filled 
and emptied may have worked loose. 
It was then installed as the number 
two oxygen tank in Apollo 13’s service 
module. Three weeks before launch, 
the tank was filled during a routine 
test, and technicians found that it was 
slow to empty afterwards. Their solu- 
tion was to switch the tank’s heaters 
on and boil the gas out. The second 
major thread in the story then kicked 
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Diagram of the internal equipment 
in Apollo 13’s second oxygen tank. 
(NASA). 


in. A fused thermostatic switch from a test to 
The heater circuits included thermo- show how switches rated for 28V handled 
static switches designed to prevent the  65V. (NASA). 
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tank from overheating. When originally 
designed in the early 1960s, NASA’s 
engineers had specified that spacecraft 
systems should run on 28 volts, but they 
later instructed their contractors to rate all 
electrical items for 65 volts instead, as this 
voltage was to be used at the launch site. 
Unfortunately, the message was not 
passed to the sub-subcontractor who 
supplied the switches. When the tank 
became too warm during the attempt to 
empty it, the thermostat tried to open the 
circuit, became welded shut by an arc of 
electricity that it could not handle, and 
continued to feed power to the heaters 
until the temperature within the tank 
exceeded 500°C. As a result, the insulation 
on the wiring was baked and became 
brittle. 

At 328,300 kilometres from Earth, as 
Apollo 13 coasted towards the Moon, the 
agitation caused by tank 2 being stirred 
brought exposed wires into contact, and 
the short circuit ignited their insulation. A 
vigorous fire ensued within the tank, fed 
by the extremely dense oxygen and the 
combustible materials that constituted the 
tank’s innards. The pressure rose rapidly 
until the tank wall ruptured with such a 
force that the entire panel from that side of 
the service module was blown off. The 
consequential disruption to the plumbing 
allowed the oxygen in the undamaged tank 
1 to leak out into space as well, thereby 
depriving the command module of its 
source of power and air. Since power was 
necessary for the operation of the SPS 
engine, the catastrophe also deprived the 
CSM of its propulsion. 


Photo sequence of a vacuum chamber test 
to demonstrate how Apollo 13’s service 
module lost its panel. (NASA). 


It might have ended there had the blast occurred on Apollo 8 — four days away 
from home, heading away from Earth with the crew slowly dying of asphyxiation in 
a dead ship — except for Apollo 13’s lunar module Aquarius. Luckily, it was still 
attached with its supplies unused and its engines fresh. NASA had even studied the 
possibility that one day the LM might be used as a lifeboat, and had tested a burn of 
a LM main engine while docked to a CSM during Apollo 9. Although it was far from 
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ideal and could not re-enter Earth’s atmosphere, the lunar module had plentiful 
oxygen, a working RCS and two reasonably powerful engines. The CM was the only 
part of the spacecraft that could bring the crew safely through the atmosphere. If 
they could use the LM to bring them to Earth, the CM’s remaining consumables 
would be preserved so that it could take them to the ocean. 

More than at any other time, the toughness and competence of mission control 
and the huge array of supporting staff behind them came to the fore to overcome the 
almost intractable problems that Lovell, Swigert and Haise had to deal with. The 
range and depth of hazards they faced cannot be overstated, and each was handled 
with a creativity and tenacity beyond expectations. The LM seemed to lack sufficient 
battery power for the return. Its RCS thrusters were never intended to steer a ship 
that had a 30-tonne dead weight hanging off the end of it. There were problems of 
guidance, of communication and tracking, of excess carbon dioxide, of lack of food, 
of sleep deprivation, of cold and discomfort. In addition, in the command module 
there was the problem of condensation over a mass of electronics that had to work 
on re-entry. 

Thanks to a successful Hollywood movie in the 1990s, the story of Apollo 13 and 
its successful return to Earth has become a by-word for the never-say-die, failure-is- 
not-an-option doggedness that turned this flight into the successful failure of the 
Apollo programme. 


COMMUNICATIONS 


Unified S-band and VHF 

Apollo used two radio-frequency ranges for communications: VHF and S-band. 
Originally, NASA had intended to implement the radio systems that they already 
had available to fulfil the disparate requirements of voice, data, television, as well 
as the need to track the spacecraft out to the Moon. But it soon became clear that 
this would involve the installation of multiple items of hardware, with severe 
weight penalties, and so, as far as possible, the engineers strove to integrate these 
requirements into a single system. The result was the Unified S-band or USB 
system. 

USB used frequencies above 2 GHz which were well suited to long-distance 
operation, but their highly directional nature made the USB system less suitable 
during the final stages of re-entry, or when the crew were talking between vehicles at 
the Moon. For this, line-of-sight VHF frequencies were used. 

The antennae to support these radio systems were arranged all around both 
spacecraft. For the most part, the CSM hid its antennae within the smooth lines of 
its hull in order to preserve its streamlined shape for the ascent through the 
atmosphere or the later re-entry. In comparison, the LM appeared to bristle with 
various dishes, helixes and rods as function overcame form on a ship that needed no 
streamlining. 

The most prominent component on the CSM was an array of four dishes known 
as the high-gain antenna (HGA). To preserve the spacecraft’s aerodynamics, it was 
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The high-gain antenna assembly at the aft of the Apollo 8 service module. (NASA) 


mounted at the service module’s base and folded next to the engine bell until the 
SLA panels were jettisoned. It was then brought out to the side on the end of an 
arm. Its mounting was articulated, and could swivel under automatic or manual 
control to aim at Earth. Like an adjustable torch, the array itself could be 
electronically configured in three ways: wide beam, medium beam and narrow 
beam. Each focused the antenna’s pattern into tighter beams to concentrate its 
ability to send and receive the USB radio signal over the large distances to which 
the spacecraft travelled. 

The HGA had four receiver horns at its centre. To keep lock on Earth in narrow- 
beam mode, the receiver electronics compared the signal strength coming from each 
horn and sent steering signals to the antenna’s motors as appropriate to equalise the 
strength across all four. While Apollo 12 orbited the Moon, this system failed and as 
they departed for the Moon in Jntrepid, Conrad and Bean were able to watch what 
the antenna was doing. 

“Houston. This is /ntrepid,” called Conrad. “If it would be any help to you, 
Yankee Clipper’s S-band antenna is just wandering — it’s just oscillating back and 
forth in two directions, like it can’t hold lock.” 
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“Tt looks like it’s in some sort of continual search mode,”’ added Bean. 

Mission control suspected that the fault was affected by heat and to localise the 
cause, they arranged a test during the coast back to Earth. The CSM was held in an 
attitude that pointed the SPS engine at the Sun, thereby applying solar warmth to 
the HGA for an extended period of time. Various modes of operation were used 
and the problem was narrowed down to a set of microwave electronics in the 
antenna. 

This method of aiming an antenna is now considered obsolete in that to point at 
its target the beam must be slightly off-axis — i.e. be imperfectly aimed. The preferred 
method is to use a spacecraft’s computer and its guidance system to know where to 
aim the antenna. Since the computer always knows the spacecraft’s attitude and it 
can work out where its target, e.g. Earth, is, then it can directly drive the antenna to a 
very precise angle that maximises the antenna’s performance. 

As the HGA was mounted to one side of the spacecraft, it could only be used 
when that side was facing towards Earth. For other occasions, four omnidirectional 
antennae were flush-mounted around the periphery of the command module. As the 
spacecraft rotated, these could be switched into use as necessary to ensure constant 
communications with the ground. Being omnidirectional, their pattern of reception 
and transmission was unfocused; their usefulness was limited because they could not 
carry large amounts of data. As a result, the use of the communications system for 
high-bandwidth data had to be carefully choreographed with the attitudes adopted 


Endeavour, Apollo 15’s CSM in lunar orbit. The four dishes of its high-gain antenna are 
visible top left and a scimitar VHF antenna is near the US flag. (NASA) 


214 Coasting to the Moon 


by the spacecraft for its various tasks. If the flight controllers wanted a detailed 
look at the spacecraft’s systems, then the telemetry had to carry much more digital 
data. From near-lunar distances, this could only be handled by the HGA. 
Similarly, the high-bandwidth demands of television required this dish array when 
in the vicinity of the Moon. There were occasions, however, when tests were 
performed using only the omnidirectional antennae to send TV or high-bandwidth 
data to the large dishes of the Manned Space Flight Network. For VHF 
communication, the CSM sported a pair of scimitar antennae housed in 
semicircular mouldings on each side of the service module. These were primarily 
for communication with the LM. 

The LM had a single dish antenna for high-bandwidth communications to Earth 
and a pair of omnidirectional antennae mounted fore and aft. It also sprouted three 
VHF antennae: two mounted fore and aft for communication with the CSM and one 
that would be raised from the roof in order to link the two crewmen walking outside 
on the lunar surface, both with each other and with mission control. It had two other 
antennae, but these were for radar rather than communications. 


Beep — ‘This is Houston’ — beep 

One iconic symbol of the ‘space programme’ was the strange ‘beep’ that constantly 
seemed to punctuate the conversation between mission control and the spacecraft. 
Anyone mimicking or lampooning the spacemen felt the need to pepper their 
speech with the curious tone that came on the audio feed to the press and 
broadcasters from NASA. Despite their association with something hi-tech, their 
purpose was rather prosaic. They were called Quindar tones and all they did was 
control a switch. 

The USB radio system required that a radio carrier be sent to the spacecraft at all 
times for tracking purposes (see Chapter 6). This is in contrast to the situation with a 
walkie-talkie where the carrier is transmitted only when the push-to-talk button is 
pressed. However, it was not desirable for Capcom’s microphone to be constantly 
live on the uplink to the spacecraft. He had to talk to others in the mission operations 
control room (MOCR) and indeed to any other site on the communications network, 
and his microphone could also pick up nearby conversation. Nor was it desirable for 
the long-distance line from Houston to the ground station to reach the spacecraft as 
it was prone to interference. A decision was made to allow the line from Houston to 
be fed to the spacecraft only when Capcom wanted to speak, and so a method had to 
be found to tell the ground station when he had pressed his push-to-talk button and 
when he had released it. As it would have been expensive to have arranged a separate 
circuit just to carry a signal to tell the ground station to switch, engineers used a 
technique called in-band signalling whereby the signals to switch were not only sent 
on the same line as the Capcom’s words, they occupied the same audio band. These 
signals were the Quindar tones. 

When he wanted to speak to the crew, Capcom pressed his push-to-talk button. 
This produced a quarter-second burst of 2.525 kHz tone that was placed on the line 
to the ground station. There, it operated an electronic switch to connect the line 
from Houston to the uplink. When Capcom had finished speaking and released his 
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push-to-talk button, another quarter-second burst of tone, this time of a slightly 
lower pitch of 2.475 kHz, signalled the switch to remove the Houston line from the 
uplink. 


TELLY FROM THE MOON 


The video imagery of Neil Armstrong descending Eagle’s ladder and stepping onto 
the Moon is among the most famous of all news clips. However, commentators from 
more recent and media-savvy times are often astonished to learn that television, 
which would be of tremendous public relations importance, was almost pushed aside 
as a distraction to the exacting job of actually achieving the prime goal of the Apollo 
programme. Wally Schirra resisted having a TV camera on Apollo 7, but the success 
of black-and-white television from Apollo 8, which brought pictures of a distant 
Earth and of the Moon’s dramatically illuminated terminator to the public, sold the 
idea to NASA. These broadcasts drew massive audiences from around the world and 
NASA soon realised that TV could play an important role in shaping how history 
would remember Apollo. 

Several months prior to the historic moonwalk by Armstrong and Aldrin, NASA 
had intended to send them to the surface with only a 16-mm movie camera and a 
spool of film that was insufficient to record the entire moonwalk. Max Faget, one of 
the spacecraft designers, described it as ‘‘almost unbelievable [that the mission] is to 


Engineer Stan Lebar with a black and white TV camera similar to that used on Apollo 
11 on the lunar surface. 
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be recorded in such a stingy manner’. The pendulum swung towards acceptance of 
the technology in the spacecraft and on the lunar surface. The commander of Apollo 
10, Tom Stafford, embraced the idea of TV from a spacecraft and helped to push the 
development of a colour TV camera that allowed him and his crew to make regular 
transmissions from their orbit around the Moon. This further raised the importance 
of television in the minds of crews and managers. 

Despite this acceptance, the frantic pace of flight development and the difficulty 
of developing a lightweight colour camera for the harsh conditions on the lunar 
surface meant that the Apollo 11 lunar module Eagle took only a simple black-and- 
white TV camera to Tranquillity Base, while the colour unit remained in the comfy 
warmth of the command module. 

In later years, Jack Schmitt was withering in his assessment of NASA’s overall 
reluctance to adopt TV. ‘“‘The first Apollo TV camera was just ludicrous. NASA just 
totally screwed up the specs in buying the thing and there was no excuse for it. 
Finally, we got a good, high resolution camera for 15, 16, and 17. Actually, Tom 
Stafford flew it on 10. But the so-called Apollo Television Camera that flew on 
Apollo 11 was terrible — low resolution, black-and-white. Just not any good at all. It 
couldn’t take any kind of bright scene at all. On Apollo 8, we had to put every filter 
in the spacecraft in front of it just to take a picture of the Earth.” 

The lesson had been learned, and from Apollo 12 onwards, colour TV cameras 
were taken to the Moon’s surface. To get TV back to Earth, engineers used a part of 
the bandwidth in Apollo’s radio system set aside for auxiliary signals, be it scientific 
data, recorded onboard data or television. Although both the black-and-white and 
the colour systems used this auxiliary communications channel, the implementation 
was very different. 

Before describing how TV images reached our sets from the Moon, a quick lesson 
in terminology is in order. In the United States, conventional TV images were built 
up within a frame of 525 lines. A complete frame was sent 30 times per second but 
the lines within it were not sent sequentially. Instead, all the odd-numbered lines 
were sent first, followed by all the even-numbered lines which meant that two 
interlaced scans of the image combined to make a frame. Each of these scans was 
called a field. To an approximation, the US television system of the late twentieth 
century had 60 fields per second of 262.5 lines per field, or 30 frames per second of 
525 lines per frame — although not all of those lines carried imagery. 

All video imaging of the time was carried out by tube technology that generated 
electron beams within vacuum vessels. Hot wires provided an electron source and 
coils of wire deflected the beam to scan the image. They were therefore hot, heavy 
and power-hungry. 


The black-and-white TV system 

Apollo’s implementation of black-and-white television was, by far, the simpler of the 
two systems, and the less greedy of radio bandwidth. The camera, as used on Apollos 
8, 9 and 11 had just one imaging tube and operated at scan rates that would normally 
be called slow-scan television. The frame rate used was only 10 frames per second 
with 320 lines per frame. There was no interlace. The bandwidth of the signal (which 
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dictated how well the image handled fine detail) was restricted to a very low value of 
0.4 MHz (as compared to about 5 MHz for contemporary broadcast TV). The 
camera used a vidicon type of imaging tube that was notorious at the time for its 
excessive image lag, and this caused a ghostly smear to trail behind the moving 
image. 

When the pictures reached Earth at this non-standard frame rate, they were 
electronically incompatible with just about every TV system on the planet. 
Converters were installed at chosen ground stations to generate standard US 
television signals from the lunar TV. The converter worked in two stages. The first 
simply consisted of another vidicon TV camera aimed at a small television screen. 
The screen displayed the images from the Moon at 10 frames per second while the 
camera, which ran at 60 fields per second, was allowed to capture the screen only 
when a full image had been completed, which was every tenth of a second. In other 
words, only one field in six from the camera contained a picture. 


Apollo 11’s lunar surface black-and-white TV camera mounted upside down in one of 
Eagle’s equipment bays. (NASA) 
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The second stage was to recreate the missing five fields. The single good frame 
from the TV camera was recorded onto a magnetic disk which then replayed it five 
times to reconstruct the full 60-fields-per-second TV signal, ready for distribution to 
Houston. The repetition of the fields and additional lag from the second camera 
added to the ghostly impression left by Apollo 11’s moonwalk coverage. 

A question that is often asked is, if Neil Armstrong was the first man on the 
Moon, who operated the TV camera? It is a spurious question because it assumes 
that all cameras must have a cameraman behind them. In fact, Eagle’s camera was 
mounted inside a fold-down panel next to the ladder. At the top of the ladder, 
Armstrong pulled a lanyard to open the panel and thereby reveal the camera. The 
most ergonomic and lightweight way to mount the camera on this panel was upside- 
down, so on Earth, the conversion equipment had a switch which the operator 
flicked to right the upside-down picture. Once both crewmen were on the surface, 
Armstrong lifted the camera from its mount and placed it on a stand from where the 
TV audience could watch proceedings. The operator threw his switch back to restore 
the image’s orientation. 


Colour TV from a black-and-white world 
During Apollo, colour television was still in its infancy and was still viewed as 
notoriously complicated technology. Conventional colour TV cameras of the time 
used at least three imaging tubes to generate simultaneous images in red, blue and 
green. The cameras were therefore 
large, heavy and required constant 
attention to keep the three images 
aligned in the final camera output. A 
simpler system was required and 
designers turned to a derivative of 
one of the earliest methods of gen- 
erating colour TV, the colour wheel. 
CBS, one of the United States’ 
three major TV companies at the 
time, initially developed the colour 
wheel camera in the days before a 
rival system was adopted for general 
use. The colour wheel camera had 
one great advantage that lent itself to 
use in space. Since the colour scans 
were expressed sequentially instead 
of simultaneously, only a single 
imaging tube was required and the 
camera could be made much smaller 
than conventional colour cameras of 
the time. wd & 
With only a single tube, the Apollo 12’s troublesome colour TV camera on 
Apollo colour camera produced __ its tripod on the Moon. (NASA). 
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what was essentially a standard black-and-white signal at 60 fields per second, 262.5 
lines per field, with about 200 useful lines per field. Directly in front of the imaging 
tube, between it and the lens, was the colour wheel. This had six filters as two sets 
each of red, blue and green. It was spun at 10 revolutions per second such that each 
field from the camera was an analysis of the image in red, then blue, then green, over 
and over. If viewed on a black-and-white monitor, the image would display a 
pronounced 20-Hz flicker because the field that represented green was brighter than 
the other two, but would only come around 20 times per second. The bandwidth 
given over to this television signal was increased to 2 MHz which overlapped other 
components in the Apollo S-band radio signal. Consequently, careful filtering was 
required to remove these from the TV image. 

The flickering black-and-white signal received from the spacecraft, or from the 
Moon’s surface, had to undergo extensive processing at Houston. In television 
studios of the Apollo era, it was crucial that the timing of the TV signal was 
extremely accurate and stable. In other words, the pulses within the signal that define 
the start of a line or field should occur with extreme regularity and precision. In 
addition, all equipment dealing with the signal had to agree when the lines and fields 
began — that is, they all had to be synchronised. This was a problem for Apollo 
because there was no provision to send synchronising pulses to the camera. In fact, 
there would have been no point incorporating such pulses because the Doppler shift 
caused by the changing velocity of the spacecraft or of the landing site with respect to 


Apollo 16’s remotely-controlled colour TV camera mounted on the rover. Note the 
sunshade mounted over the lens. (NASA) 
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The changing image from the Moon. Still frames from the TV coverage on Apollo 11 
(left) and Apollo 17 (right). (NASA) 


the receiver on the turning Earth constantly altered the timing of the received TV 
signal anyway. 

This was in the days before mass digital storage made the task of synchronising 
video simple. The engineers’ solution used two large videotape recorders to correct 
the signal’s timing. The first machine recorded the pictures coming from space and 
synchronised itself with the pulses that were built into the incoming television signal. 
However, instead of the tape going onto a take-up reel, it was passed directly to a 
second videotape machine which replayed its contents. This second machine took its 
timing reference from the local electronics so that when it reproduced the signal, it 
did so with the timing pulses synchronised with the TV station. 

Once the timing had been sorted, a colour signal had to be derived from the three 
separate, sequential fields that represented red, blue and green. To achieve this, a 
magnetic disk recorder spinning at 3,600 rpm (once every 60th of a second) recorded 
the red, blue and green fields separately onto six tracks. From this disk, the 
appropriate fields could be read out simultaneously using multiple heads and 
combined conventionally to produce a standard colour television signal. Overall, the 
time required to undertake the processing put the image about 10 seconds behind the 
associated audio. 

Apollo 10 proved that a colour camera worked within the overall Apollo system 
though Tom Stafford had to battle against a conservative NASA bureaucracy to get 
it there. On Apollo 12, colour TV was transmitted from the lunar surface for the first 
time — or at least it was until the camera was inadvertently aimed at the Sun. This 
destroyed part of the sensitive imaging tube and gave the commercial TV networks a 
headache while they scrambled for something to show the viewers! 

The cameras for Apollos 11, 12 and 14 were merely placed on stands near the LM, 
which was acceptable as long as activity was centred around the lander, but when the 
Apollo 14 crew set off for their geological traverse they walked out of shot and left 
the audience watching an unchanging scene for several hours. It was clear that when 
lunar exploration stepped up a gear for the J-missions, the TV camera would have to 
be mounted on the lunar rover. 
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CHECKING THE LUNAR MODULE 


During the coast out to the Moon, the crews lived in the command module to 
preserve the LM’s consumables. At least once during the coast, they took time to 
open up the tunnel between the two spacecraft and make a preliminary inspection of 
the lander. No one had seen the inside of the LM since it was on the launch pad and 
no one knew how well it had survived the rigours of launch. As Armstrong and 
Aldrin prepared to enter Eagle for the first time on their third day in space, Collins 
powered up Columbia’s colour television camera and gave mission control, and 
anyone else watching, a TV show. 

“Apollo 11, Houston,” said Capcom Charlie Duke. ‘““We’re getting the TV at 
Goldstone. We’re not quite configured here at Houston for the transmission. We’ll 
be up in a couple of minutes. Over.” 

Collins had got the camera working early, an hour or so in advance of a planned 
TV show, which caused technicians to hustle to get the signal from California to 
Houston by landline and convert it to colour. 

“Roger. This is just for free,” he said. “This isn’t what we had in mind.” 

“It’s a pretty good show here,” said Duke, watching their progress on the huge 
Eidophor projection TV screen at the front of the MOCR. “It looks like you almost 
got the probe out.” 

The crew had earlier pressurised the LM cabin with air from the command 
module. When the pressures on both sides of the forward hatch had equalised, the 
hatch could be removed and the tunnel cleared of the docking equipment: first the 
probe, then the drogue. Once Armstrong got the probe out, he inspected its tip for 
signs of damage from the impact with the drogue during Collins’s docking. 

“Mike must have done a smooth job in that docking,” he told Duke. ‘“‘There isn’t 
a dent or a mark on the probe.” 

“Roger,” replied Duke. “We’re really getting a great picture here, 11. With a 12- 
foot cable, we estimate you should have about five to six feet excess when you get the 
camera into the LM.” During their training, they had discovered that they were to be 
supplied with a short cable that would not have reached into the LM, and so they 
arranged a longer substitute. 

With the tunnel cleared, one of the crew could read off the docking index angle. 
“‘We went up in the tunnel checking the roll angle, Charlie, and it’s 2.05 degrees,” 
called Collins. “And that’s a plus,’ he added. When he had docked the two 
spacecraft two days earlier, he used visual aids to help him to line up. In a perfect 
docking, the angle between the coordinate systems of the two vehicles would be 60 
degrees. Any slight deviation from this was read off a calibrated scale in the tunnel 
between the two craft. The measurement was later factored into calculations when 
the orientation of the CSM’s guidance platform was transferred to the LM. 

Access to the LM was finally gained by opening the hatch at the top of its cabin. 
Typically, crews would discover small items of detritus floating around that had been 
left over from the LM’s manufacture. In the factory, these items would have fallen 
down into some inaccessible corner but they could now float freely in the weightless 
environment of space. Often crews would see a lonely washer gently floating around 


222 Coasting to the Moon 


the cabin. ““There wasn’t very much debris in the command module or the LM,” said 
Aldrin as he moved about Eag/le’s cabin. ““We found very few loose particles of bolts, 
nuts and screws and lint and things. Very few in each spacecraft. They were very 
clean.” 

The Apollo 15 crew found something a little bit different floating around 
Falcon’s cabin. Unlike all the earlier flights, it had been decided that Scott and 
Irwin should inspect their LM a day earlier, on the second flight day. ‘‘One little 
problem we ought to discuss with you before we go on,”’ said Scott as he looked 
around. “It seems that somewhere along the way, the outer pane of glass on the 
tapemeter has been shattered. About 70 per cent of the glass is gone. The inner 
pane of glass seems to be okay. There’s no apparent damage to the tapemeter itself. 
I found one piece that’s almost an inch in size, and there’s some small ones around. 
We’ll try to pick it up with the [sticky] tape, and then get the vacuum cleaner later 
on to get it all up.” 

Spaceflight has a knack of taking what, on Earth, appears to be a trivial 
problem and make its possible consequences very profound. First, the shards of 
glass did not fall to the floor. They were floating about the cabin, being wafted by 
any passing air current, which meant that they could easily be breathed in by the 
crew. There was little experience of what would happen when sharp glass shards 
entered a human’s respiratory system and certainly no one wanted them to enter an 
eye. 

Second, the tapemeter was an important instrument. It told the commander how 
far away something was — be it the ground during a landing, or the CSM during 
rendezvous — and it told him how fast the object was approaching or departing. Its 
manufacturers had filled it with helium gas to minimise corrosion of its parts, and 
sealed it at sea-level pressure. Immediately Scott reported the broken glass, NASA 
realised that this gas had been lost, and arranged to have an identical instrument 
tested to see how well it operated with an oxygen atmosphere at one third of its 
design pressure, and indeed in a vacuum (as it would experience while the LM was 
depressurised during the moonwalks). Mechanical devices can suffer from various 
problems when operated in a vacuum. Lubricants can evaporate and, without a film 
of air to separate them, close-fitting surfaces can stick together by a process known 
as vacuum welding. 

As Scott had suggested, sticky tape and their vacuum cleaner dealt successfully 
with the glass, and tests showed no problems with operating the tapemeter in non- 
optimal conditions. By having the crew enter the LM a day early, NASA had given 
themselves an extra day to examine problems such as these. 

While they were in the LM, some of its systems were powered up to allow mission 
control to examine the telemetry coming from them. As an aid for this, the crew’s 
checklists included diagrams of the spacecraft’s circuit breaker panels. Those 
breakers that had to be closed were black, the others white, making it easier for the 
LMP to match the patterns and know he had operated the correct breakers. The 
LM’s power budget was tight, and no one wanted to draw upon the batteries more 
than necessary. Just as the backup CMP had checked all the command module 
switches and knobs prior to launch, this was an opportunity for the LMP to check 
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that everything was properly set for landing day — it was a ‘get-ahead’ exercise. 
Readings were taken on the pressures in their emergency oxygen supplies and the 
voltages of the LM’s batteries. Checks were also made of the communications 
systems. Could they talk with mission control using S-band? Could they talk to the 
CSM using VHF? Was spacecraft telemetry getting through to mission control along 
with the data from their biomedical sensors? 

Checks complete, the LM crew powered the spacecraft down and returned to the 
CSM. The hatch to the LM was closed in case a meteor strike to the thinly-skinned 
lander dumped its atmosphere. On later flights, a second check was made of the LM 
on the third day. 


8 


Entering lunar orbit: the LOI manoeuvre 


On the journey to the Moon, two events symbolised the crew’s daring and 
acceptance of risk more than any other. One was the landing itself, which committed 
two crewmen to stay forever on an utterly inhospitable lunar surface unless a small 
rocket engine worked properly to get them off and start their journey home to Earth. 


The other was lunar orbit insertion 
(LOD), the point in the journey when 
Apollo crews committed themselves 
to the gravity of the Moon. After 
LOI, there was no possibility of a 
return to Earth except by the success- 
ful operation of one major system 
within the service module. This was 
the service propulsion system (SPS), 
whose most obvious component was 
a large bell that protruded from the 
engine at the rear of the module. This 
engine, and the tanks that fed it, took 
up the bulk of the service module’s 
volume and mass, and its require- 
ments largely defined the module’s 
layout and construction. 


THE SERVICE MODULE 


The cylindrical form of the service 
module consisted of a long central 
tunnel, with the volume around this 
divided into six sectors shaped like 
pieces of a cake. The structure was 
designed to support the weight of the 
command module and the launch 


Columbia, the Apollo 11 CSM, during 
processing at Kennedy Space Center. (NASA) 
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The external and internal layout of the service module. (Redrawn from NASA source.) 


escape tower, a load that increased by a factor of four towards the end of the 
Saturn’s first stage of flight. Its strength came from the beams and trusses of its 
internal skeleton, and the panels that subdivided its volume and formed its external 
skin. These panels were formed from a sandwich of aluminium honeycomb bonded 
between aluminium sheets and were therefore largely hollow. 

The sectors around the tunnel were numbered 1 to 6. The first was one of the 
smaller sectors which subtended only 50 degrees and which was left empty for the 
early Apollo missions apart from a load of ballast that served to keep the craft’s 
centre of mass within limits. After the Apollo 13 explosion, an additional oxygen 
tank was added to this sector for Apollo 14. For the J-series missions that followed, 
this sector gained another tank filled with hydrogen in order to help to supply the 
increased power needs of these more demanding flights. Another modification for 
these intensively scientific missions was the addition into this sector of a suite of 
remote-sensing instruments and cameras to study the Moon from orbit. 

Sectors 2 and 3 occupied 70 degrees and 60 degrees respectively of the volume 
around the central tunnel. They accommodated two large cylindrical tanks that held 
oxidiser for the SPS engine. Both they and the fuel tanks opposite were fabricated 
from titanium. The electrical power supply for the CSM was contained in sector 4 
which, like its opposite number, swept only 50 degrees of the available volume. Three 
fuel cells were mounted near the top of the sector, towards the command module. 
They produced electricity by the reaction of hydrogen and oxygen supplied from 
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four tanks located in the remainder of the sector. As with sectors 2 and 3, sectors 5 
and 6 accommodated a pair of titanium tanks for the SPS engine, in this case for 
fuel. In the central tunnel, two tanks of helium provided gas to pressurise the fuel 
and oxidiser tanks. 


SPS: the engine that just had to work 

The SPS engine was mounted at the rear of the central tunnel, below the helium 
tanks. From the point of view of crew safety, this was the one major engine in the 
Apollo system that had to be capable of being regularly restarted. Failure to operate 
at its first major firing to enter lunar orbit could be tolerated, because the spacecraft 
would loop behind the Moon and return to Earth’s vicinity and it would be possible 
for other engines to restore a trajectory home. However, a spacecraft already in lunar 
orbit was completely dependent on the successful restarting of that engine to bring 
the crew home. 

With maximum reliability in mind, engineers endowed the engine with two of 
just about everything: two control systems, two sets of plumbing, two ways to 
pressurise the propellant tanks. In fact, except for the injector plate and 
combustion chamber and bell, the SPS engine was really two engines in one, with 
the crew having entirely separate control of either. Even pumps were banished 
from its systems in order to avoid having to rely on the moving parts that they 
contained. Instead, helium gas provided the pressure needed to push the 
propellants through the piping and into the combustion chamber with sufficient 
force. This helium was stored at extremely high pressure and passed through 
regulators which reduced its pressure to that required by the large propellant tanks. 
Reliability was further assured by the use of a hypergolic fuel and oxidiser 
combination. This meant that these substances — hydrazine as a fuel and nitrogen 
tetroxide as an oxidiser — merely had to mix to spontaneously ignite, unlike the 
engines on the Saturn V’s three stages which required igniters to begin their 
conflagration. On the Apollo stack, every engine within the two spacecraft used 
these propellants. To start the SPS engine, one had only to open valves and permit 
these exotic propellants to spray into the combustion chamber through hundreds 
of holes across the face of the injector. As they met, they burned fiercely to generate 
an almost invisible but powerful flame. 

For the SPS to operate without pumps, the pressure with which the propellants 
were injected had to be sufficient to overcome the combustion pressure in the 
chamber where they met, which was 690 kPa (100 psi). To enable the propellant to 
reach the injector the tanks were pressurised at 760 kPa (110 psi). The engine valves 
could be operated manually by the crew via two prominent switches on their main 
console, or the computer could send a signal to achieve an automatic burn based on 
preloaded information and the results of its computations. In fact, this engine was so 
intensively designed to ignite in response to a wide range of command sources, that 
on occasions when faults afflicted its control systems, the problem became one of 
ensuring it would not fire inadvertently. 

Soon after the crew of Apollo 15 had extracted their LM and were about to 
settle into their long coast to the Moon, its commander David Scott reported to 
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mission control: “Okay; that all went fairly nominally, and the only different thing 
we've noticed is the SPS Thrust light is now on. And we don’t know when it came 
on; somewhere in the process here.”’ This light was mounted right in front of the 
left-seat occupant on Panel 1 of the main display console, an indication of its 
importance. It was there to indicate that the SPS engine valves were open and that 
the engine ought therefore to be firing. The light was energised, although the engine 
clearly was not. 

“Roger. I understand the SPS Thrust light is on,” checked Gordon Fullerton, the 
Capcom in Houston. 

‘And all the switches are off,’ added Scott, ominously. He knew that one way to 
operate the engine was to throw one of two large, prominent, guarded switches in the 
middle of that panel. They allowed the crew to manually start the engine if automatic 
control was unavailable. Scott wanted to make clear to mission control that they had 
not been thrown and that there was obviously an electrical fault. 

After an initial analysis, flight controllers asked the crew to open all the circuit 
breakers that could energise the engine’s propellant valves. They realised that if 
electricity had reached that light, then it could also reach the valves merely by 
arming the control system, which would cause the engine to fire immediately 
rather than on command. Apollo 15 was the first mission to have TLI not 
establish a free-return trajectory in order to reach its northerly landing site. If the 
SPS were declared unusable, a large manoeuvre by the LM would be required to 
get home. Further careful diagnosis suggested that there was an electrical short in 
the vicinity of one of the two manual switches for the SPS, which Scott confirmed 
the next day by slowly manipulating the suspected switch to see how it made the 
light came on. 

This fault was no show-stopper, as long as it was understood. Mission control 
drew up revised procedures for the rest of the mission and the crew operated the SPS 
using the redundant system whenever possible in order to prevent an inadvertent 
firing. After the flight, when the spacecraft’s anomalies were analysed, a tiny sliver of 
wire was found to have been trapped inside one of the two manual switches for the 
SPS during manufacture. 

This was an occasion where the duplication of nearly every part of the engine 
allowed the faulty system to be isolated. The two separate halves of the engine’s 
control and plumbing were termed the A and B banks. The Apollo 15 crew could 
start and end all their burns accurately using the good B bank, and bring the A 
bank in and out manually only during long burns when it was desirable for the 
engine to keep running should either bank fail. When both banks operated, slightly 
more propellant reached the injector and the engine achieved a slightly higher 
thrust. 


Lunar orbit insertion: why 110 kilometres? 

As Apollo was being planned, detailed studies were made of how best to perform 
lunar orbit rendezvous — the technique that brought two spacecraft together around 
the Moon, one of which had come up from the surface. As this was then considered 
to be difficult and dangerous, much effort was devoted to understanding and then 
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optimising all the variables that affected the operation. Initially, it was assumed that 
when the LM lifted off the Moon it would rendezvous with a CSM in circular orbit 
at 148 kilometres. As planners continued to refine the trade-offs between operational 
concerns and vehicle capabilities, they came to the conclusion that the CSM should 
be in an orbit 110 kilometres above the Moon. This lower orbit was chosen to reflect 
the limited propellant budget of the LM’s ascent stage. Planners decided that it was 
acceptable to expect the ascent stage to get off the Moon within the resulting short 
launch windows. 

This decision meant that every Moon-bound Apollo mission was targeted to 
make a pass around the far side with a minimum altitude of 110 kilometres. This 
point of closest approach was called pericynthion — a term from celestial mechanics 
meaning the lowest point in a lunar orbit made by a craft arriving from another body 
(the highest point being apocynthion) The words are derived from Cynthia, an 
alternative name for the Greek Moon goddess Artemis. It was around pericynthion 
that the LOI burn was made. These two terms are rather unwieldy and refer to the 
particular case of an orbit achieved by a craft from outside the Moon’s vicinity. It is 
more common to use a shorter pair of terms, perilune and apolune, which are more 
general in their use and mean more or less the same thing. 


HOW NOT TO CRASH INTO THE MOON 


Part I 

For Apollo to enter lunar orbit the crew simply burned the SPS engine at perilune to 
slow down sufficiently to ensure that the two joined spacecraft did not have enough 
momentum to escape the Moon’s vicinity. If the burn was timed right, they would 
instead enter a close orbit around it. If the burn failed to occur at all, the crew were 
left in the fail-safe scenario of returning by default to the vicinity of Earth, with only 
a tweak of their trajectory by the RCS thrusters required to bring them to a safe 
splashdown. However, in between the two scenarios of ‘no burn’ and ‘a burn of the 
required duration’, there were a range of possible outcomes that depended on exactly 
how much the engine had managed to slow the spacecraft prior to some kind of 
failure, and some of these were potentially lethal. The flight plan included notes on 
how these should be handled. 

In the scenario of a very short burn, the stack would come around the Moon and 
begin to head towards Earth. However, its trajectory would be far from ideal and 
would require a major engine burn, perhaps from the LM’s descent engine, to restore 
a successful interception with the atmosphere. 

A somewhat longer burn could leave the spacecraft with insufficient momentum 
to leave the Moon’s gravity. This scenario was inherently unstable as it would leave 
the spacecraft languishing in a region above the Moon’s near side for some time and 
return to the Moon’s vicinity. However, owing to perturbations from Earth’s 
gravity, and the fact that the Moon was still travelling in its orbit, the stack could 
either pass the Moon’s trailing edge to be slung out into the depths of the solar 
system, or it could impact the Moon’s surface. In this case, the crew would wait until 
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the spacecraft was high above the near side and then burn the descent engine to effect 
a return to Earth. 

If the LOI burn lasted long enough prior to SPS failure, the stack would enter an 
elliptical lunar orbit with a perilune of about 110 kilometres over the far side, and an 
apolune over the near side whose altitude depended on the length of the burn. A 
longer burn resulted in lower altitude at apolune. A typical get-out from this 
predicament would have been to complete one orbit and burn the descent engine to 
return to Earth. Additional power was available from the LM’s ascent engine if 
required. 

In truth, if the SPS engine managed to start, there was very little likelihood that it 
would stop until commanded. What was of far greater concern was the possibility 
that it might continue to burn after the required shut-down time — another lethal 
scenario. 


Part II 

With a sufficiently long burn at LOI, the altitude of the resulting orbit’s apolune 
would match that of perilune, 110 kilometres, and the orbit would therefore be 
circular. For Apollo, the burn to achieve circular lunar orbit was between five and 
6'4 minutes long, depending on the mass of the spacecraft and the precise thrust of 
the SPS engine. However, to make an LOI manoeuvre for a circular orbit at the first 
attempt raised great dangers for an Apollo crew. If the engine were to slow them 
down too much, either by over-performance or perhaps through failure of the 
control equipment, the altitude of their orbit over the near side could drop so low as 
to become a negative value. Put less euphemistically, the spacecraft would descend 
until it augured into the lunar surface at great speed. Given the imprecise knowledge 
of the Moon’s shape at the time of the early missions, this was considered to be a 
very real danger. 

The situation was even more extreme for the crews from Apollo 14 onwards. 
Rather than targeting for a circular parking orbit, they deliberately brought the 
altitude of their final orbit over the near side right down to only about 17 kilometres, 
with the low point conveniently located to enable the lander to subsequently descend 
to the surface. To put this into perspective, consider that for Apollo 15, every second 
that the SPS engine burned dropped the near-side altitude by about 11 kilometres. 
An overburn of only two seconds would wipe out their near-side altitude and have 
them impact the surface. 

To avoid the possibility of impact, the Apollo SPS took two bites at the task. An 
initial large burn was made that was slightly shorter in duration than that which would 
be expected to produce a circular orbit. This first burn was called LOI-1 on the early 
missions, or just LOI on the later missions. It placed the spacecraft in an elliptical orbit 
with a perilune of 110 km around the far side, and an apolune over the near side that 
was typically around 300 km altitude. After two orbits, which was more than adequate 
time for the shape of the orbit to be precisely measured by radio tracking from Earth, 
an additional short burn was made at perilune in order to lower the near-side altitude 
to the required height. This was called the LOI-2 burn on the early missions. Its name 
was changed to DOI on the later missions for descent orbit insertion. 
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When the crew monitored these long burns, duration was not the only value that 
interested them. Although the thrust from the SPS was accurately calibrated, there 
were always small variations in its power that made the length of the burn less 
reliable as an indicator. What was more important was delta-v, the change in velocity 
brought about by the engine. Throughout a burn, this value was measured by the 
guidance system and displayed in front of the crew. If all was proceeding normally, 
the burn would be stopped automatically by the computer once it had achieved the 
required delta-y. If that were to fail, there was a backup system that independently 
measured and displayed delta-v and which could also shut the engine down at the 
right time. Finally, there were three pairs of eyes that eagerly looked at both delta-v 
displays, their owners ready to reach out and manually cut the SPS engine if it 
seemed to be burning for too long. 


LUNAR ENCOUNTER 


After they woke up on the final day of their coast to the Moon, a crew would set 
about their usual post-sleep chores of reporting their condition to mission control 
and preparing their breakfast. Normally the spacecraft was slowly turning around in 
its barbecue roll, spreading the heat of the Sun across its surface. While the crew 
slept, engineers at the ground stations on Earth had taken precise measurements of 
the spacecraft’s position and velocity to accurately monitor its trajectory. Using this 
data, FIDO, the flight dynamics flight controller in the MOCR, calculated the 
amount by which the approach to the Moon needed to be adjusted, if at all. Was the 
spacecraft coming in too quickly or too slowly to pass around the far side at the 
correct altitude? Was it within the correct orbital plane to pass over the desired 
landscape? Based on the results of overnight radio tracking, and with the help of the 
big computers in the real-time computer complex (RTCC), FIDO calculated the 
details of a burn to be carried out at the fourth opportunity for a mid-course 
correction, usually scheduled to occur five hours prior to entry into lunar orbit. The 
details of this corrective burn were read up to the crew, along with the results of 
calculations by the Retro flight controller. 

While FIDO had been deciding where they wanted the spacecraft to fly, Retro 
was busily working out what to do if something went wrong. He had two scenarios 
to consider: the first was if something were to prevent or impair the LOI burn; and 
the second was for the situation in which the LOI burn was completed successfully 
but the crew were required to return to Earth at the earliest opportunity. Having 
decided the manoeuvres that the crew should make in these scenarios, it was then 
important that the details be passed up to the spacecraft while it was still in 
communication with Earth. The mantra was that they should always have the data 
necessary to get home without further assistance from mission control, in case 
communications were lost. 


Aborting before LOI 
If the mission had to be aborted before the LOI burn, Retro’s response would 
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attempt to achieve two things. It would ensure that the spacecraft was set on an 
accurate path, not only to Earth but also to a landing site, usually in the mid-Pacific 
Ocean, where a recovery fleet would be on station. In addition his solution would 
strive to increase the speed of the spacecraft slightly, so that it would return home 24 
hours (one Earth axial rotation) earlier than would occur without intervention. On 
Apollo 8, Retro had planned to use two separate burns to achieve these goals: a flyby 
manoeuvre that would have been carried out just before the spacecraft disappeared 
around the far side of the Moon; and a pericynthion plus 2 manoeuvre, or ‘PC + 2’ for 
short, to be made two hours after their closest approach to the Moon. On later 
missions, both of these functions were combined into a single planned abort 
contingency. 

The PC+2 abort burn was actually used on one occasion as part of the effort to 
get the ailing Apollo 13 back to Earth. On this mission, Retro had to calculate the 
burn using the descent engine of the lunar module, the SPS engine being unusable 
owing to the loss of power in the CSM. 


Aborting after LOI 
Retro’s second offering concerned the abort situation when the spacecraft had 
already entered lunar orbit. For the entire period that an Apollo spacecraft flew in 
orbit around the Moon, mission control ensured that the command module pilot 
always had the data he needed to return to Earth, even if an extreme situation 
meant that he had to come home on his own following the loss of the LM. These 
were trans-Earth injection (TEI) burns, one of which would eventually be used in 
the normal course of events to bring the entire crew home. Before they attempted 
LOI, Retro prepared details of these get-you-home burns suitable for use after one 
and two lunar orbits. Then, as their time around the Moon progressed, he 
continued to supply regular updates to ensure that they were never without a 
‘return ticket’. 

Meanwhile, if all was going well, the fruits of FIDO’s efforts could be brought to 
play; first to refine the spacecraft’s approach to the Moon, and then to execute the 
LOI burn and place the spacecraft in lunar orbit. 


Door jettison 

The final three Moon-bound Apollo missions, Apollos 15 to 17, had one special task 
to perform prior to arrival in lunar orbit. Sector 1 of their service modules contained 
a scientific instrument module, or SIM bay for short. It housed a variety of cameras 
and instruments to investigate the Moon and its environment, and would be 
operated by the CMP during his lonely vigil while his crewmates explored the lunar 
surface. 

Hidden as it was behind the external skin of the service module, the SIM bay had 
to be exposed to space by removing one of the spacecraft’s panels. Rather than 
implementing door-like mechanisms with latches and hinges, engineers decided that 
a more reliable solution was to jettison the bolt-on panel by blowing it clear with 
pyrotechnic charges. This occurred before the spacecraft entered lunar orbit in order 
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that the jettisoned door would not enter lunar orbit and become a possible collision 
hazard. Explosive cord had been laid within a groove around the door’s edge. This 
was detonated to cleanly cut the aluminium skin, while further charges were set off to 
push the severed door clear. While the spacecraft then eased itself into lunar orbit, 
the door coasted around the Moon to emerge on a trajectory which would return it 
to the vicinity of Earth and, in all likelihood, eventually enable it to slip into an 
independent solar orbit. 

Apollo 15 provided the first occasion for the detonation of these fireworks and 
Capcom Joe Allen made light of the situation: “By the way, is that the manoeuvre 
where the SIM bay door jettisons the spacecraft?” 

In the Newtonian environment of space, it was as valid to say that the door was 
jettisoning the spacecraft as the other way around. Al Worden agreed: “It has been 
variously known as that kind of a manoeuvre, yes.” 

In fact, just as the spacecraft had pushed the door away, the door also pushed the 
spacecraft away, and engineers on Earth could detect this tiny trajectory change in 
their tracking. “15, just out of interest, we saw a good healthy jolt in our Doppler 
data down here during jett time,” informed Allen. 

“Gee, that’s very interesting,” replied David Scott, “because I would say that the 
jolt in here was very minor.” 

As a precaution, the crew of Apollo 15 put their suits on in case the shock of the 
explosives caused a breach in the cabin for some reason. This reflected wariness by 
programme managers following a Soviet space tragedy. A month earlier, Soyuz 11 
had departed the first Salyut space station. The shock of the pyrotechnic charges that 
jettisoned the orbital and service modules of the spacecraft immediately following 
the de-orbit manoeuvre had inadvertently opened a ventilation valve intended for 
use in the atmosphere, enabling the air to escape and quickly asphyxiating the crew. 
Although the automatic systems brought the capsule to a pinpoint landing on Earth, 
the ground personnel found that the crew were dead when the hatch was opened. It 
was decided that in future Soyuz crews would be provided with pressure suits to be 
worn for launch and entry. 


Final preparations 

Over the final few hours before they entered lunar orbit, the Apollo crews worked 
through an exhaustive series of checks and adjustments, interrogating the 
spacecraft’s systems about their ability to sustain life while in the Moon’s clutches, 
and on the engine’s readiness to do its job properly. 

Another important task in the build-up to LOI was to change the spacecraft’s 
knowledge of which way was ‘up’. During the five or six minutes of the burn, the 
crew would want to avoid any appreciable errors in the direction of the engine’s 
thrust. Additionally, they needed to ensure that the guidance system could measure 
the effect of the burn on their velocity. As was usual before a burn, the CMP 
performed a P52 to check the alignment of the guidance platform, but this time 
special procedures were applied. Up to this point, the platform had been aligned with 
an orientation that suited the coast to the Moon and made the barbecue rotation 
easier to set up and maintain. Now the platform would be realigned to match a new 
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REFSMMATI' that suited the LOI burn, and so obviously it was known as the LOI 
REFSMMAT. 

First, the CMP carried out a realignment to refine the platform’s orientation in 
terms of the REFSMMAT they had been using. This yielded a measure of its 
inherent drift, a parameter that was always carefully monitored and no opportunity 
was missed to gain another data point. Once the amount of drift had been measured, 
the platform’s orientation was torqued around align with the new REFSMMAT. 
This one had been chosen to match the attitude in which the spacecraft would make 
the upcoming burn. By lining up the coordinate systems of the platform and the 
spacecraft, the crew’s job of monitoring attitude during the burn became a lot easier. 
Their 8-ball attitude indicators would now read zero on all three axes which made 
them much simpler to interpret. It is wise to be certain that your ship is pointing in 
the correct direction when you make major engine burns near planets (especially 
ones without atmospheres) as a mistake can lead to a crash. 

Next, they put the entry monitor system (EMS) through a test to demonstrate that 
it could still accurately measure the change in speed brought about by the burn. This 
feature of the EMS, its “Delta-v’ display, was one of the redundant methods by which 
the engine could be commanded to shut down once it had achieved its task. 

The spacecraft’s cooling circuits were next to be checked. At first glance this may 
appear to be one of the less exotic systems, but if any flaw were to be found in either 
the main or the backup circuit — especially if any leaks had formed in the radiator 
pipes due to micrometeoroid damage — the crew would return directly to Earth. 

More checks followed which covered the caution and warning system, the tanks 
and valves associated with the manoeuvring thrusters on both the service module 
and the command module, and the spacecraft’s supplies of oxygen, water and power. 
Once these essential tasks had been completed, the crew could begin to implement 
the burn itself. 


THE LOI PAD: IT ISN’T MAGIC 


While the crew conducted their checks, engineers on Earth carefully measured the 
effect of both the final mid-course correction and, if appropriate, the jettisoning of 
the SIM bay door. From this, FIDO calculated the definitive LOI-1 burn. All the 
information associated with the burn was written onto a pad of no-carbon-required 
paper that allowed six copies to be made at once. The top layer was written using a 
red ballpoint pen in order to help to distinguish what was to be read to the crew. 
This list, referred to as a PAD (pre-advisory data), was read carefully by Capcom 
over the air/ground communication circuit and copied by one of the crew, usually 
the LMP, onto an identical form. Immediately afterwards, it was all read back to 
Earth where several flight controllers checked it to confirm that its contents had been 
correctly copied down. Much of the information in the PAD would later be entered 


' See Chapter 6 for a fuller explanation of the REFSMMAT, a defined orientation in space. 
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ing a teleprinter to an al- 
ready crammed cabin, the 
idea was shelved in view of 
the limited space, the weight 
of the apparatus and the 
tight schedule imposed on HORIZON/WINDOW _ 
the programme by Kenne- 
dy’s challenge. Anyway, the 
use of voice, paper and pen is 
a wonderfully lightweight 
method of data transfer. 
The solution didn’t have to 
be elegant. It just had to 
work. 

The PAD for the Apollo 
15 lunar orbit insertion man- 
Haekes was read up to Jim The PAD for Apollo 15’s LOI manoeuvre. (Redrawn 
Irwin in the command mod- from NASA source.) 
ule Endeavour by scientist/ 
astronaut Karl Henize. 

“Okay. LOI, SPS/G&N; 66244; plus 121, minus 012; 078314591.” 

The PAD was little more than a list of numbers that were almost indecipherable 
to the uninformed ear. 

“Minus 28975, minus 07764, minus 00441; all zips for roll, all zips for pitch, all 
zips for yaw.” 

As well as the impenetrable numbers, the jargon-rich language owed much to the 
military aviation background that most of its participants, both crew and flight 
controllers knew well. 

01696, plus 00584, 30001, 641, 29939; 25, 2671, 228; the rest is NA.” Henize read 
out these numbers in strict order from the top copy of the form, with each digit 
occupying its own box. On board Endeavour, Irwin wrote the digits onto his form, 
one in each box. Months of training and simulation meant that in many cases, the 
crews knew what kind of numbers they should expect, which helped to trap errors. 
The PAD finished with a series of comments related to the burn. 

“Set stars are Vega and Deneb; 264, 090, 349. No ullage; LM weight, 36258. 
Single-bank burn time is 6 plus 52; and just a reminder that, if bank B doesn’t burn, 
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we are expecting you to go into lunar orbit on bank A.” This latter comment was 
directly related to the electrical short in Endeavour’s SPS circuitry. 

Apollo thrived because, when dealing with the hostile, unforgiving space 
environment, particularly in the vicinity of the Moon, its people worked through 
the technical and operational aspects of the task with great care. Every item on this 
PAD was well defined and the procedures for passing such life-or-death information 
to its recipients were strictly adhered to. The following puts meaning to the numbers 
and phrases. 

LOI, SPS/G&N — The first two items stated the purpose of the PAD and the 
systems that would be used to achieve the manoeuvre that it described. In this case, 
the PAD is for the lunar orbit insertion burn that would place Apollo 15 into its 
initial orbit around the Moon. The burn was carried out by the SPS engine and 
associated equipment under the control of Endeavour’s primary guidance and 
navigation system. 

66244 — In its calculations, the computer needed to know what mass the engine 
had to push against. This was in two parts, the CSM and the LM. Since the PAD 
form only had space for the CSM mass, the LM mass was given later. It is an 
interesting aside that the people at NASA were still using the term ‘weight’ when, 
strictly speaking, they should have been using the term ‘mass’. Mass is a measure of 
the amount of matter an object has, and in modern times the standard unit of mass is 
the kilogram. Weight is a measure of the force exerted by the mass on whatever is 
supporting it, which varies according to the gravity field it is in. At this point, the 
Apollo CSM was weightless though its mass was just over 30,000 kilograms (66,244 
pounds as given in the PAD). This figure was determined by pre-flight 
measurements, and by carefully accounting for consumables on board the 
spacecraft, including the jettisoned panel. 

Next were two three-figure values with signs — plus 121 and minus 012. These were 
angles, measured in hundredths of a degree, and with their decimal points, could be 
written as +1.21°, and —0.12°. Known as the pitch and yaw trim, they were the 
angles to which the crew had to swivel the main engine’s nozzle so that, at the start of 
the burn, its thrust would act through the spacecraft’s centre of mass. Throughout 
the progress of the flight, the position of the centre of mass changed as propellants 
were used up, the lunar module departed and redocked, and as the moonrocks were 
transferred to the command module. All this shifting of mass was carefully 
accounted for by mission control so that the spacecraft’s flight characteristics would 
be known when planning a manoeuvre. Once the engine was running, the 
spacecraft’s centre of mass would change as propellant was consumed. The G&N 
system could sense these shifts and would steer the nozzle as required in order to 
steady the spacecraft throughout a long burn. 

The large nine-digit number — 078314591 — represented the time of ignition, 
normally referred to as ‘Tig’, down to hundredths of a second as measured against 
the ground elapsed time (GET) clock. In this case, ignition was to occur at 78 hours, 
31 minutes, 45.91 seconds after launch. Although GET was notionally measured 
from the moment of lift-off from Earth, in cases where the launch was slightly 
delayed the GET could be adjusted during the flight so that subsequent event times 
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would match their place in the flight plan — this was done, for example, on Apollo 
14. 


Change in velocity: delta-v and frames of reference 

The main purpose of the LOI burn was to slow the spacecraft down by a desired 
amount. This change in velocity is really a vector quantity because its direction is as 
important as its magnitude. Known within the industry as delta-v, it is normally 
resolved into three components (x, y and z) which were given by the next three 
numbers in Henize’s list — minus 28975, minus 07764 and minus 00441. Such was the 
primitive nature of the Apollo computer that there was no provision in it for entering 
or displaying a decimal point. Instead, the position of the decimal point was fixed in 
the programming and on the form. Everyone associated with the machine knew 
where the decimal point was in any particular context. Here, 28975 simply meant 
that the burn was for a change in velocity along that axis (but, being negative, in the 
opposite sense to the direction of the axis) of 2,897.5 feet per second. 

So what about these three axes? By now it should be clear that coordinate systems 
were, and are, ubiquitous in spaceflight, and become especially important when 
dealing with engine burns. The firing of an engine in space results in a change of 
velocity and it is necessary to define the direction of that change in relation to a frame 
of reference; a known set of Cartesian coordinates against which it can be plotted. 
We can use any frame of reference we like but it is customary to use one that makes 
the calculations easier, and the one that is generally favoured is called /ocal vertical/ 
local horizontal (LVLH). 
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Diagram to explain the local vertical/local horizontal (LVLH) frame of reference. 


238 Entering lunar orbit: the LOI manoeuvre 


This frame of reference is constructed relative to a line drawn from the spacecraft 
to the centre of the body it is orbiting, or whose gravitational sphere of influence it 
has entered. Imagine a point where this line intersects the planet’s surface. We can 
further imagine a flat plane at this point parallel to the horizontal. Obviously, as the 
spacecraft moves around the planet, the absolute orientation of this plane keeps 
changing but it provides a useful reference for orbital velocity computation. In this 
arrangement, the +z axis points towards the planetary centre, the + x axis is in the 
direction of orbital motion parallel to the local horizontal and the +y axis is 
perpendicular to the orbital plane. 

With this, we can make more sense of the velocity components given in the 
PAD. The large negative figure for the x component, —2,897.5 feet per second, 
meant that the burn was largely retrograde, against the spacecraft’s motion, which 
is exactly what would be expected, given that they were trying to lose speed. The 
figure for y, —776.4 feet per second, meant that the spacecraft was being pushed 
sideways as part of the process of ensuring that it ended up in the correct orbital 
plane for the landing site. The figure for z, -44.1 feet per second, was small in 
comparison and was away from the Moon’s centre. Converted to metric units, 
these velocities were expressed as —883.2, —236.6 and —13.4 metres per second. 

“All zips for roll, all zips for pitch, all zips for yaw’’ — Again we have to deal with 
frames of reference for these three numbers, all of which are zero. However, whereas 
delta-v used local vertical/local horizontal as described above, these numbers were 
given with respect to the guidance platform, itself aligned to our old friend, the 
current REFSMMAT. For every burn, mission control gave the crew a set of three 
angles that represented the attitude of the spacecraft in terms of roll, pitch and yaw 
directions and these were always stated with respect to the current REFSMMAT. 
But since the platform’s orientation had been aligned to match the spacecraft’s 
calculated orientation for the burn — the so-called LOI REFSMMAT - then the 
attitude angles for this burn were necessarily all zeros, or ‘zips’ as Henize put it. This 
arrangement meant that the FDAI (flight director/attitude indicator) or ‘8-ball’ in 
front of the crew showed zero in all three axes. This provided an easy means of 
monitoring the direction in which the spacecraft was pointing, in case the crew had 
to take manual control. 


Controlling the burn 
The next two items in the PAD — 01696, plus 00584 — gave the crew information 
about the orbit that was expected to result from the burn. They indicated, in tenths 
of a nautical mile, the expected altitudes of the orbit’s apolune and perilune using the 
5-digit format of the computer’s display. Therefore, they showed that the initial 
elliptical orbit should measure 169.6 by 58.4 nautical miles, or 314.1 by 108.2 
kilometres. The plus sign was a heart-warming confirmation that the perilune was 
above ground. A negative value here would have been a cause for some worry, as it 
would mean that the spacecraft was headed for a point below the surface and was 
therefore doomed! 

If the three delta-y components given earlier in the PAD were added together 
using vector addition, the result would be the total velocity change given in the next 
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5-digit number — 3000/1. This vector sum totalled 3,000.1 feet per second (914.4 
metres per second) and was labelled ‘delta-vt’. It represented the total velocity 
change that the spacecraft should experience along its longitudinal axis. When it was 
time to execute this burn, the crew were able to watch as the computer’s display 
showed this number descend to zero as the engine worked on the delta-v it had to 
achieve in all three components. 

Next in this PAD was the expected duration of the burn — 64/ — in this case, 6 
minutes 41 seconds. The eventual duration would depend on the actual weight of the 
spacecraft and whatever thrust was actually achieved by the engine. Within limits, 
the engine was not shut down until the required delta-v had been achieved. 

Following on was another 5-digit number — 29939 — This also represented delta-v 
and was of a remarkably similar magnitude to the total delta-v, but slightly lower. 
Known to the engineers as ‘delta-vc’ — the letter ‘c’ stood for counter — this was 
related to one of two automatic mechanisms for shutting down the engine in a 
normal burn. The primary means was the computer in association with the 
accelerometers mounted on the guidance platform. As soon as the desired delta-v 
had been achieved, it sent a command for engine shutdown. The secondary means 
was the EMS and its delta-v counter.” Prior to the burn, the crew entered this delta- 
vc value into the EMS display. As with the primary system, this number represented 
the delta-v the EMS should experience as the burn progressed. During the burn, a 
dedicated accelerometer in the EMS measured the resultant change in velocity and 
its output caused the displayed delta-v to count down to zero. When it reached zero, 
the EMS generated a signal to shut down the SPS engine. 

At first glance, it might appear that the value for the velocity change that was 
entered into both the primary and secondary systems should have been equal, but in 
fact delta-vc was always slightly smaller where the SPS was involved. This reflected 
the difference in the sophistication of the two control systems. When a rocket engine 
is commanded to shut down, the thrust never falls to zero instantly; there is always 
an appreciable continuation of thrust that tails off over a short span of time. The 
Apollo SPS was no different. The primary guidance and control system was 
sophisticated enough to take this tail-off thrust into account, its magnitude having 
been measured during ground tests and perhaps confirmed by earlier short firings of 
the engine en route to the Moon. The secondary system within the EMS was a much 
simpler affair since it was not designed for propulsive manoeuvres, but for 
aerodynamic braking in re-entry. It ignored the tail-off thrust, so it was left to the 
flight controllers to adjust down the value that they issued to the crew. If the EMS 
did have to shut the engine down, it would do so early enough to allow the extra 
thrust to complete the desired manoeuvre. 


2 The EMS or entry monitor system was discussed in Chapter 5 where we saw how its ability 


to measure velocity change could be used for manoeuvres to retrieve the LM from the S- 
IVB. It will be discussed further in Chapter 15, where we shall see how it is used for its 
prime purpose, monitoring re-entry into Earth’s atmosphere. 
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Attitude checks 

Continuing to the bottom of the LOI PAD form, Capcom Karl Henize read, ‘‘25, 
2671, 228; the rest is NA.” This refers to six lines on the form that were concerned 
with two methods of double checking to ensure that the spacecraft was in the proper 
attitude for the burn. On this PAD for Apollo 15, only the first was brought into 
play; it exploited the fact that the spacecraft’s sextant could be aimed precisely at the 
stars. If the spacecraft had been placed in the correct attitude for the burn, then flight 
controllers had calculated that a particular star should be visible through the sextant 
when its shaft and trunnion angles were set to specific values. In this case, the crew 
were to expect Star 25, which is commonly known as Acrux, in the constellation 
Crux, to be visible in the sextant when the shaft and trunnion angles were preset to 
267.1 and 22.8 degrees respectively. 

Henize indicated that nothing else need be entered on the form by pronouncing it 
as ‘NA’ for ‘not applicable’. What was skipped was the boresight star method. This 
used the crewman optical alignment sight (COAS) — a unit with an illuminated 
graticule similar to a gunsight that could be mounted in a window and whose aim 
could be calibrated. It was not required for LOI because the windows would be 
facing the Moon or the LM. 


Set stars: backup attitude reference and other comments 

Down the side of the PAD form was an area for comments that related to the burn, 
and in particular the set stars. As ever, the Apollo planners had looked for 
procedures and methodologies that would give the crews options to continue in the 
face of equipment failure. The set stars were to provide a backup attitude reference in 
case the guidance platform failed to remain aligned to the desired REFSMMAT. 

Although it was something of an alphabet soup, the basic idea went like this. As 
well as the IMU with its gyro-stabilised platform, the spacecraft had two other sets 
of gyros: the body-mounted attitude gyros (BMAGs) and their associated 
electronics, the gyro display couplers (GDCs) that made sense of their output. 
Unlike the platform, which measured absolute attitude, the BMAGs really only 
measured changes in attitude. Therefore to determine absolute attitude, the GDCs 
had to work from a starting point and count the changes in attitude as measured by 
the BMAGs. It wasn’t as accurate as the IMU and was prone to drift but it would 
work for short periods. Normally, the GDCs got their starting point from the IMU 
merely by a press of the GDC Align button. But if the platform was lost, another 
way would be needed to give the GDCs a valid starting point. Then, by processing 
the signals from the BMAGs, they could determine absolute attitude relative to the 
desired REFSMMAT. The aim of the set stars was to give the GDCs that starting 
point. 

What mission control did was to give the crew two stars — in this Apollo 15 case, 
Vega and Deneb — and a set of three attitude angles. To make the backup 
realignment work, the CMP needed to manoeuvre the spacecraft so that the stars 
were arranged in the scanning telescope in a predefined manner. This placed the 
spacecraft in a known attitude. In that attitude, the three given angles represented 
the spacecraft’s attitude with respect to the desired REFSMMAT, enabling the 
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BMAGs and GDCs to work from 
that attitude as their starting point. 
Fortunately, no IMU ever failed in 
flight and this procedure was never 
used. 

The next comment in the PAD — 
No ullage — reminded the crew that 
because the SPS propellant tanks 
were full there was no need to settle 
their contents prior to the burn. 
When there was a need, an ullage 
burn by the RCS thrusters forced 
propellant to the outlet end of the 
tanks to minimise the possibility of 
gas from the empty part of the tank 


being ingested into the engine. Schematic of view through telescope for a 
After stating the mass of the lunar backup alignment of the BMAGs. 
module, the comments went on to 


deal with the problems pertaining to 

Apollo 15’s faulty circuitry in the primary control bank of the SPS engine. If they 
could only use the good B bank, the slightly reduced thrust would increase the burn 
duration by 11 seconds to 6 minutes 52 seconds. It was decided, however, that the 
crew should let the burn begin under automatic control with the B bank, and then 
after several seconds manually engage the A bank. Shortly before the expected cut- 
off, they would disengage the A bank and let the automatic systems terminate the 
burn with the good bank, lest the short circuit in the A bank override the shutdown 
command. 

The final point in this PAD was that should the B bank itself fail, the crew were 
to use the A bank manually to achieve the required delta-v and enter lunar orbit. In 
this case, they would have had to ensure shutdown by the simple expedient of 
removing power from the SPS which they would have achieved by pulling a circuit 
breaker. 

This lengthy PAD demonstrates how, even on what was considered a ‘nominal’ 
flight, great lengths were taken by mission control and the crew to provide options to 
successfully pursue the mission in the face of a wide range of possible failures. 


THE BLACK VOID 


In the Christmas season of 1968, with a little over two hours to go before they 
entered lunar orbit, the CMP of Apollo 8, Jim Lovell, pointed out that despite their 
pioneering journey, something was missing. 

“As a matter of interest, we have as yet to see the Moon.” 

“Roger,” came the reply from Capcom Gerry Carr. He pondered this point for a 
few moments then sought a degree of elaboration. 


242 Entering lunar orbit: the LOI manoeuvre 


“Apollo 8, Houston. What else are you seeing?” 

The acerbic reply from LMP Bill Anders shed new light on the truth of the 
astronauts’ great adventure. 

“Nothing. It’s like being on the inside of a submarine.” 

“Roger,” was all Carr could say, for Anders’s comment was so true. 

Despite being nearer to the Moon than any human in history, and with the 
exception of some sightings that Lovell had made through the spacecraft’s optics, 
this crew had yet to view their quarry. This was partly because their three large 
windows had fogged up owing to a design problem with the sealant around them. 
Additionally, they had spent most of their time during the coast broadside to the 
Sun, twirling slowly in the barbecue mode. In this attitude their two good windows, 
which looked along the direction the craft was pointed, viewed only deep space. 

As with many of the Moon-shots, Apollo 8 arrived over the western side of the 
lunar disk at the same time as the Sun was rising over the eastern side. The nearer 
they got to the Moon, the closer it came into line with the Sun until, in the final few 
hours before arrival, the spacecraft entered the Moon’s shadow and plunged the 
crew into darkness. Apollo 10 arrived at the Moon under similar lighting 
conditions and its commander Tom Stafford still gained no view of the 
approaching planet. 

“Just tried looking out as far as I can, out the top hatch window, and still can’t see 
the Moon; but we’ll take your word that it’s there.”’ By ‘top hatch’, Stafford meant 
the round window in the side hatch, though as they lay in their couches, it was above 
their heads. 

“Roger, 10. That’s guaranteed; it’s there,” said Charlie Duke in mission control. 
Stafford’s LMP Eugene Cernan couldn’t catch a glimpse of it either, but the next 
time he journeyed to the Moon as the commander of Apollo 17, he got an eyeful. 

“Boy, is it big! We’re coming right down on top of it!’ he shouted. “T'll tell you, 
when you get out here, it’s a big mamou.” 

Cernan was one of the few Apollo astronauts who had a natural ability to convey 
to the lay person some of the emotion and depth of the Moon-flight experience. 
Although he had been there before, the approach of this serene orb stunned him, and 
in his memoirs he expanded on this first glimpse. 

“Looking at the Moon from our vantage point was quite unlike seeing it from 
Earth, when it is so distant. Now it was gigantic, a world of its own, and it forced me 
to question what I was really seeing. Such scenes existed only in science fiction, for 
not even the simulators could impart the reality of such a moment. We plummeted 
towards it, faster and faster, and the closer we got, the bigger it grew.” 

Cernan was also struck at how this extraordinary initial scene even managed to 
mute his LMP, geologist/astronaut and incessant talker, Jack Schmitt. 

“Dr Rock was also stunned by the sheer size of the planetoid that he had spent a 
lifetime studying. Never in his wildest dreams had Jack imagined such a sight, and he 
momentarily lost his ability to even speak. The Sun illuminated the high peaks and 
mountains, and the rims of giant craters and surface details emerged, bathed in gold 
or hidden in deep shadow.” 

Apollo 11 was the first flight to afford an approaching crew a view of the Moon. 
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The Moon’s far side, as photographed by Apollo 17’s mapping camera. In the 
foreground is the 135-kilometre crater Aitken. 


They did not require a final mid-course correction, and this gave them the time and 
opportunity to turn the spacecraft around and for the first time see the Sun-blasted 
world they were about to explore loom in front of them. Mike Collins wrote about 
the shock he felt at what he saw. 

“The change in its appearance is dramatic, spectacular and electrifying. The 
Moon I have known all my life, that two-dimensional, small yellow disk in the sky, 
has gone away somewhere, to be replaced by the most awesome sphere I have ever 
seen.” 

This astronaut, one of the more poetic among the Apollo crewmen, had managed 
to glimpse the Moon at an opportune moment, just as they were about to enter its 
shadow. They then flew over an eerie landscape: the near side was dimly illuminated 
by Earthshine and a part of the far side which, owing to their vantage point was 
visible to them as a crescent, was as black as could be. 
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“To add to the dramatic effect, we find we can see the stars again. We are in the 
shadow of the Moon now, in darkness for the first time in three days, and the elusive 
stars have reappeared as if called especially for this occasion. The 360-degree disk of 
the Moon, brilliantly illuminated around its rim by the hidden rays of the Sun, 
divides itself into two distinct central regions. One is nearly black, while the other 
basks in a whitish light reflected from the surface of the Earth.” 

Collins was struck by the interplay of the three lighting effects on the Moon; the 
Sun’s corona, the dim light from Earth and the deep black of the star-peppered sky, 
combining to gently illuminate the lunar surface below with a bluish light. 

“This cool, magnificent sphere hangs there ominously,” he wrote in his 
autobiography, “a formidable presence without sound or motion, issuing us no 
invitation to invade its domain. Neil sums it up: ‘It’s a view worth the price of the 
trip.’ And somewhat scary too, although no one says that.” 


LOS and AOS: out of sight 

Apollo missions were intensively monitored from Earth. Indeed, because the flight 
controllers had deep technical visibility into the spacecraft’s systems through 
telemetry, and huge computing and personnel resources on hand in case of 
problems, they became accustomed to nursing its crews and machines over the days 
of the coast to the Moon. It was then a bit of a wrench when some of the most 
critical events in an Apollo flight, particularly the entry into and departure from 
lunar orbit, had to occur with a 3,500-kilometre-diameter lump of rock obscuring 
the view. 

In future years, operations around the Moon might be supported by a telecoms 
satellite that will enable communications between Earth and crews that operate 
around the far side. In the time of Apollo, there was no such luxury, and contact 
depended on line of sight from the Moon to one of the three main ground stations 
distributed around Earth. But the engineers were not to be denied. On board each 
spacecraft was a multitrack tape recorder, the data storage equipment (DSE), whose 
function was to digitally record a suite of measurements from around the spacecraft, 
particularly the SPS engine, and replay them to mission control on a separate radio 
channel when communications were restored. 

As the Moon pulled the spacecraft around its far side, communications were 
instantly and completely cut off at the moment an Apollo disappeared behind the 
limb. NASA referred to this event as loss of signal (LOS) and it occurred with 
alarming predictability by virtue of the deep understanding the trajectory experts 
had of an Apollo’s flight path. The first time it occurred was during the Apollo 8 
mission, and Frank Borman found the accuracy of Houston’s predictions awe- 
inspiring. At the precise time that he had been told communications would 
disappear, they did. 

“Geeze!”” he said to his crewmates, there being no one else to hear. ““That was 
great, wasn’t 1t?”? Then he mused: “I wonder if they’ve turned it off.” 

Bill Anders laughingly replied: “Chris [Kraft, the boss in Houston] probably said, 
‘No matter what happens, turn it off.” Bill’s humorous suggestion was that, in order 
not to worry the crew if the predictions had not been as accurate as they had hoped, 


Luna close up: burning LOI = 245 


An example of the data storage equipment. (Courtesy Scott Schneeweis Collection/ 
Spaceaholic.com) 


Kraft would have ordered the people at the transmitting station to turn off the radio 
signal at just the right moment. Borman wondered, however. When next they spoke 
to Capcom Gerry Carr, he reported: “Houston, for your information, we lost radio 
contact at the exact second you predicted.” 

Carr confirmed that that was what had happened. 

Borman probed further. ““Are you sure you didn’t turn off the transmitters at that 
time?” 

“Honest Injun, we didn’t,” was Carr’s joking reply. 

The thing about LOS and its counterpart, acquisition of signal (AOS), was that 
they were both highly predictable events. AOS, in particular, had the useful 
property of being entirely dependent on what occurred around the far side by way 
of engine burns. Thus, on Apollo 14, for example, the precise time that the 
spacecraft would disappear behind the Moon’s leading limb had been calculated to 
the second, as usual. Additionally, mission control knew that if a problem had 
prevented the LOI burn from occurring, the spacecraft would not be slowed in its 
path and would reappear around the eastern limb only 25 minutes 17 seconds later, 
set on its hybrid free-return course towards Earth. On the other hand, if the LOI 
burn was executed as planned, the spacecraft, having been slowed, would stay out 
of radio contact for 32 minutes 29 seconds. Any deviation in the burn from that 
detailed on the PAD would show itself by the deviation of AOS from the predicted 
time. 


LUNA CLOSE UP: BURNING LOI 


Apollo missions were always timed to arrive at their planned landing sites soon after 
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sunrise and therefore close to the terminator — the line that divides night from day. If 
the mission had been planned to set down on the eastern side of the Moon’s disk 
then, from Earth, the Moon would appear as a crescent at the time of landing 
because the sunrise terminator would also be to the east. A western landing site 
called for a western terminator, at which time the Moon would appear gibbous, or 
approaching full. In all cases, the spacecraft flew over a night-time Moon soon after 
it lost contact with Earth in the run up to LOI. 

Apollo 8 pioneered human travel to the Moon. Its crew did not intend to land, but 
were to reconnoitre an easterly landing site in Mare Tranquillitatis under planned 
lighting conditions. The flight was timed to have the sunrise terminator near their 
target which meant that most of the illuminated surface was on the far side. Having 
approached through the lunar night, they could hope to cross the sunset terminator 
and fly back into daylight around the far side barely five minutes before they were to 
fire the LOI burn. Frank Borman peered out of a rear-facing spacecraft, hoping to 
see some sign of a lunar horizon in order to crosscheck his attitude, even if only by 
seeing a part of the sky that lacked stars. 

“On that horizon, boy, I can’t see squat out there.” 

Bill Anders suggested that they turn some lights off to help him to see some trace 
of the lunar surface. As they were flying heads-down, their large windows were 
looking off to the side and below and even though they were fogged, a sunlit lunar 
surface ought to have been visible. Then Lovell, looking through the hatch window, 
piped up: “Hey, I got the Moon.” 

For the first time in the mission, the crew could see shafts of sunlight obliquely 
illuminating the lunar surface. 

“Do you?” asked Anders. 

“Right below us.” 

When Anders managed to catch his first view of the forbidding, harsh landscape, 
he expressed his astonishment. “Oh, my God!” 

His commander, who was focused on the preparations for the burn, was brought 
up short by this most uncharacteristic of utterances for a test pilot. 

“What’s wrong?” he demanded. 

“Look at that!’ Anders exclaimed again. But his commander was more concerned 
that, at this critical phase of the mission, his crewmates had become distracted by the 
unreal scenery passing below. 

“Well, come on,” said Borman, working to bring the crew back onto the task in 
hand. ‘“‘Let’s — What’s, what’s the...’ Lovell immediately got into line, calling out 
the mission time. 

“69:06” 

“Stand by,” commanded Borman. “‘We’re all set.” 

For the next minute, the crew’s concentration returned to the checks and calls 
defined in their checklists. Yet with three minutes remaining, Anders’s attention 
returned to the scenery below. “Look at that — fantastic!’’ 

“Yes,”’ confirmed Lovell. 

“See it?” continued Anders. The curious scientist in him was dominating. 

“Fantastic, but you know, I still have trouble telling the holes from the bumps.” 
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Borman, whose main responsibility was to ‘keep the troops focused’, had to 
gently chide his crewmates to keep their eyes inside the cabin. 

“All right, all right, come on. You’re going to look at that for a long time.” 

And they did, while circling the Moon ten times over a period of 20 full and tiring 
hours prior to the crucial burn that would get them home. 

The Apollo 10 crew experienced the same dynamic when LMP Eugene Cernan 
had opportunities to see out while his commander Tom Stafford and the CMP John 
Young exchanged checklist calls. 

“Look at the size of...,” he exclaimed in the middle of his colleagues’ dry 
technical checks. “God, that Moon 1s beautiful; we’re right on top of it...” 

“Oh shit!’ was Stafford’s reaction. Cernan continued, ‘““God dang. We’re right on 
top of it. I can see it.” 

Stafford began telling Young what was out of his window on the left. ‘Oh, shit; 
John! It looks like a big plaster-of-paris cast.” 

With less than two minutes to their LOI burn, Stafford’s sense of responsibility 
reasserted itself. “Ok, let’s get busy,”’ he called to his crew. 

For some time, their procedures took precedence until Cernan’s curiosity bubbled 
up again. ““My God, that’s incredible,” he said in wonderment as the very rough, 
obliquely-lit landscape of the far side slid below. 

“It looks like we’re close,”’ said Stafford. 

“That’s incredible,” interrupted Cernan. 

“It does look like we’re — well, we’re about 60 [nautical] miles, I guess.” 

And they were. With only a minute to go, the spacecraft was at its perilune of 110 
kilometres and Stafford and Cernan were again getting caught up in the view. 

“Shit, baby; we have arrived — It’s a big grey plaster-of-paris thing...” 

“Oh, my God, that’s incredible,” Cernan interjected. 

“Okay, let’s keep going; we’ve got to watch this bear here,” said Stafford, 
referring to the strength of the engine about to keep them in the Moon’s arms. 
Eventually, it was the ever-cool Young who reeled the moonstruck Cernan back in. 

“Put your head back in the cockpit, Gene-o.” 

“Look at that!’ was the final spurt of wonder that came from Cernan before he 
settled down to monitor the health of the engine on which their lives depended. 

Each crew reacted differently to their initial view of the Moon. Apollo 11’s crew 
were very focused during their preparations for LOI, making little comment on 
anything but the health of their ship until the last few seconds before the burn. Then 
Mike Collins, the most gregarious of the three, threw in an observation: “Yes, the 
Moon is there, boy, in all its splendour.” 

Neil Armstrong started into conversation, “Man, it’s a...,” before Collins 
interrupted, “‘Plaster-of-paris grey to me.” 

Buzz Aldrin felt moved to speak. ““Man, look at it,” he said before Armstrong, 
maintaining the mantle of his command, advised, ‘“‘Don’t look at it; here we come up 
to Tig [time of ignition].” 

Apollo 11 began its entry into lunar orbit and the crew chatted about tank 
pressures, propellant utilisation and how much their engine was moving from side to 
side as it controlled its aim which prompted them to wonder whether there might be 
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a problem with it. After the burn’s successful conclusion, they concentrated on the 
follow-up activities; power-down, backing out of the armed status of the SPS engine 
and setting up the spacecraft for coasting flight again. Only then did any of them 
relax enough to take in the scene. Armstrong was first to comment: “That was a 
beautiful burn.” 

Collins agreed, ““God damn, I guess.” 

“Whoo!” exhaled Aldrin, before making an initial window observation. “‘Well, I 
have to vote with the [Apollo] 10 crew. That thing is brown.” 

There had been some debate and contradiction between the first two flights about 
what colour the Moon appeared to be close up. The Apollo 8 crew had reported 
nothing but grey, whereas the Apollo 10 crew thought that tans and browns were 
common. Armstrong and Collins agreed with them but took their observations 
further. 

“Looks tan to me,”’ observed the commander before Aldrin qualified himself. 

“But when I first saw it, at the other sun angle...” 

“It looked grey,” interjected Collins. 

“*.. dt really looked grey,” Aldrin concurred. 

The last word goes to John Young when he arrived at the Moon for the second 
time on Apollo 16. Soon after their first AOS, Young described his crewmates’ 
reaction to the scenery: “It’s like three guys, they’ve each got a window, and we’re 
staring at the ground. Boy, this has got to be the neatest way to make a living 
anybody’s ever invented.” 
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OVERJOYED 


“Hello, Houston, the Endeavour’s on station with cargo, and what a fantastic sight.” 
David Scott could not contain his delight at his close-up view of the Moon as soon as 
Apollo 15 came back into communications with Houston on emerging around the 
eastern limb. 

Capcom Karl Henize in mission control empathised: ‘‘Beautiful news. Romantic, 
isn’t it?” 

“Oh, this is really profound; I'll tell you. Fantastic!’ enthused Scott. 

Not everyone thought Scott’s outpouring appropriate. According to lunar 
geologist Don Wilhelms, the no-nonsense Alan Shepard, commander of the previous 
mission, Apollo 14, was heard to grumble: “To hell with that shit, give us details of 
the burn.” But Scott’s ship was sound. Everything was going well, and they were 
merely greeting their friends on Earth. Data about the burn was indeed about to be 
relayed. As soon as the LOI burn had finished, the crew had interrogated their 
computer for its estimate of their orbit. They had also written down the residuals — 
velocity values that represented the difference between what they had asked of the 
engine, and what it had actually given them. 

Engineers were keen to know how well the precious engine with its troubled A 
bank had worked, and the raw burn data from the crew was the first indication of its 
health. Another was the tone of the crew. However, the meat and drink for the 
engineers was stored on the DSE tape recorder, which, after each far-side pass was 
wound back and its data transmitted to Earth. This engineering data revealed every 
nuance of the engine’s performance. In addition, the voice track supplied the crew’s 
conversation from before, during and after the burn. If there had been some glitch, 
the ground wanted to understand it before the engine was again called into action. 

The next task for the flight controllers was to determine as precisely as possible 
the trajectory through space that was being followed by the spacecraft. With the 
crew’s burn report, they had preliminary confirmation that the engine had achieved 
the LOI burn as planned, a fact that was supported by the precise moment that the 
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antenna on Earth had reacquired a signal. This preliminary information included 
what the spacecraft’s computer believed to be the perilune and apolune of the orbit. 
Now that they had a radio signal to work with, the engineers at the remote station 
began to track the spacecraft in order to provide an independent determination of its 
orbit. If all was well, their figures would compare closely to those from the crew and 
show an orbit whose low point around the far side was 110 kilometres in altitude, but 
which, on the near side, rose to around 300 kilometres. 

The crew of Apollo 12, the chummiest ever to fly to the Moon, didn’t hold back 
their awe once they had entered lunar orbit. Although Alan Bean possessed a talent 
for artistic expression that would come to the fore later in his life, his ‘gee whiz — 
look at that’ reaction matched his friends’ simple ebullience. ‘““Look at that Moon,” 
he said in awe. His commander Pete Conrad agreed: ‘Son of a gun. Look at that 
place.” 

“Gosh! Look at the size of some of those craters,’’ continued Bean, as their 
conversation descended into something akin to a B-movie script. The direction of the 
Moon’s lighting on this flight was quite different from that encountered by previous 
crews. As the landing site was well to the west of the near side, the Moon appeared to 
be nearly full to observers on Earth. As a result, the far side was largely unlit and the 
crew wouldn’t get to glimpse of the Moon close up prior to LOI. 

After they had cleared up more of the spacecraft’s configuration post-LOI, Bean 
took time to look out the window again: ““Man! Look at that place.’”’ Lunar module 
pilots always seemed to have a little more time available to them when in the CSM — 
although, of course, the situation would change when they were in the lunar module. 
Bean was later reminded of old science fiction serials when thinking about how his 
friend, Richard Gordon, had looked after the CSM that had brought them from the 
Earth: ‘“‘Outstanding effort there, Dick Gordon. Flash Gordon pilots again!” 

Among the crews, there was a fascination with the Moon’s colour up close, as if it 
would be any different from being viewed across 400,000 kilometres of hard vacuum. 

“Look at that Moon bugger! I’ll tell you,” said Bean. “I may be colour blind, but 
that looks grey as hell to me.” 

Conrad chimed in again: “Good Godfrey! That’s a God-forsaken place; but it’s 
beautiful, isn’t it? Look how black the sky is.” With his eyes adapted to the 
brightness of the lunar limb, the blackness of space stood out in stark contrast. 

“That’s grey and something else,” said Bean. In his later years, he would confess 
to a fascination with colour and would spend much of his artistic life imbuing an 
otherwise colourless Moon with a vast range of hues. 

Conrad expanded on the description: ‘““Chalky white — those craters have been 
there for...’ Bean interrupted him, “‘a few days.” 

“Yes.” 

At last, Gordon threw his opinion into the pot: “Man, this is good to be here — is 
all I can say.” 


> 
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THE SECOND ARRIVAL BURN 


Having established the spacecraft in its initial trajectory around the Moon, FIDO in 
mission control could begin working on his next move: a short burn by the SPS that 
would be carried out about four hours later, after two complete orbits, in order to 
get the Apollo stack into its operational orbit. This burn would be very carefully 
monitored to ensure that it had exactly the required effect. 

The details of this burn depended on the flight in question. For Apollos 8 to 12, a 
relatively short burn, known as LOJ-2, brought the apolune down from 300 
kilometres to 110 kilometres and made the orbit circular. Apollo 8, without the mass 
of a lunar module, required only a 9-second burn to achieve this. On the next three 
flights, the extra 16 tonnes or more of the LM meant that their burns had to be 
somewhat longer. On Apollo 10 the lunar module lacked a full propellant load and 
the LOI-2 burn was 14 seconds, but the full LM tanks on the next two flights 
extended the burn to 17 seconds. On these early flights, the CSM never left its 110- 
kilometre circular orbit, and come landing day, the LM would have to do all the 
work of manoeuvring down to the surface. The first part of this would be the descent 
orbit insertion (DOT) burn to place the LM in an orbit with a low point of only 
15,000 metres. This was the descent orbit, so called because this perilune was the 
point from which the LM would begin its final descent to the surface. 

After Apollo 12 the strategy changed. Planners were keen to increase the 
capability of the Apollo system, and analysis had shown that the LM’s payload 
capacity to the lunar surface would be maximised by having the CSM make the DOI 
burn to take the LM into the descent orbit, thereby saving its propellant for the final 
descent. Later, once the LM was released and inspected, the CSM would make 
another burn to circularise its orbit at 110 kilometres to undertake a programme of 
lunar reconnaissance while the LM was on the surface. This also placed the CSM in 
a suitable orbit for the rendezvous when the LM returned. 

Owing to its unforeseen circumstances, Apollo 13 never got as far as carrying out 
this burn. On Apollo 14, which was first to perform this manoeuvre, the burn took 
21 seconds, which was four seconds longer than Apollo 12’s LOI-2 burn, reflecting 
the fact that, in this case, the near-side altitude was being dropped all the way down 
to 17 kilometres. As the mass of the stack increased for the final three J-missions, the 
duration of the DOI burn stretched to 24 seconds. 


HOW NOT TO CRASH INTO THE MOON 


Part TI 

If a 24-second burn made around the Moon’s far side could lower the spacecraft’s 
near-side altitude from 300 kilometres down to only about 15 kilometres, it is easy to 
appreciate that an overburn of only a few seconds would so reduce the altitude that 
an impact with the surface could become a real possibility. The resultant precautions 
involved in the DOI burn are especially understandable in view of the fact that there 
was considerable uncertainty about the Moon’s precise shape, especially with regard 
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to the more northerly regions that would later be overflown by two of the J-missions, 
Apollos 15 and 17, where some of the mountains reach four or five kilometres above 
the surrounding terrain. 

As with all burns, the amount of delta-v was monitored by the crew via the 
DSKY. For a DOI burn, the typical delta-v was 210 feet per second (64 metres per 
second), which was the amount by which their velocity along the x axis had to drop. 
One second of burn accounted for about 10 feet per second. As the burn progressed, 
they would see this value decrease towards zero. If the computer did not shut the 
engine down at the expected time, the crew had to promptly terminate the burn 
manually. They would then consult the DSKY to see if there was any overburn. The 
rules were that if they had slowed a mere 2.2 feet per second (0.67 metre per second) 
more than planned, they should immediately use their RCS thrusters to regain this 
speed. If they had overshot by as much as 10 feet per second (three metres per 
second), they were to turn the spacecraft around 180 degrees and regain the lost 
speed by firing a burp of the SPS. 

Whatever the result of the DOI manoeuvre, once the crew were happy with it, 
they began to prepare for a possible bail-out burn. This was in case some other sign, 
in particular radio tracking from Earth, were to suggest they were at risk of 
impacting the ground. If so, they had at most an hour before the unthinkable would 
occur, and because they were over the far side at the time of the DOI burn, they 
would have no confirmation one way or the other for half of that time. The exquisite 
accuracy of radio tracking could only be brought to bear after AOS, with less than 
half an hour remaining to any theoretical impact. Therefore, while the tracking 
stations measured their trajectory, the crew waited for a call from mission control to 
confirm that their orbit wasn’t going to spray them across some near-side mountain 
at over 5,000 kilometres per hour. This never became a real threat, and the crews and 
mission control felt confident enough with their hardware and procedures to view 
the bail-out burn as little more than a formality, but, in the NASA way, they were 
prepared for it. 


THE JOYS OF LUNAR ORBIT 


Whether they had entered the descent orbit or were in the circular orbit that was a 
characteristic of the earlier expeditions, the crew had reached their quarry and, in 
most cases, could relax a little before the exertions of the next day: undocking, 
separation, descent and landing, along with, perhaps, a trip on the lunar surface. 
This was time to get out a meal, look after the housekeeping of the CSM and take 
photographs — lots and lots of photographs. 

However, for the crew of Apollo 8 there was no time to relax. Once they had 
completed their LOI-2 burn, Frank Borman, Jim Lovell and Bill Anders had eight 
orbits and 16 hours remaining in the Moon’s vicinity. Their time was precious, and 
had been carefully rationed. Borman took care of actually flying the ship — not in the 
sense of sweeping over hills and down valleys; orbital mechanics was the arbiter of 
their flight path. Instead, his job was to make sure that the spacecraft was aimed in 
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Two era-defining craters seen from Apollo 17. Top. Copernicus, about 900 million years 
old, still sports a clear ray system. Below. Eratosthenes is similar to Copernicus in 
structure but is old enough, about three billion years, to have lost its rays. 
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The view from orbit. Top left, Herodotus and Aristarchus among lava channels. Top 
right, Rimae Prinz and a lava-formed depression. Centre, Mons Riimker is a large, low 
volcanic mound. Bottom left, craters Stratton (foreground) and Keeler on the beat-up 
far side. Bottom right, central peak of Tsiolkovsky. (NASA) 
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whichever direction was required to satisfy the tasks of his colleagues. This became 
particularly important in view of their main windows having become fogged. To gain 
a clear view of the surface, they were left with only the two small forward-pointing 
rendezvous windows, whose narrow field of view was never intended to facilitate 
general photography. 

Each orbital circuit was split into four by the geometry of the Sun and Earth with 
respect to the Moon, and this defined their tasks. Any task that involved working 
with mission control could only occur during a near-side pass. Anders’s prime 
responsibility was a programme of photographic reconnaissance of the Moon, and 
most of this work could only occur over the sunlit lunar hemisphere. Therefore, 
when they were over the night-time portion of the near side, he was free to check 
over the spacecraft’s systems and write down abort PADs from mission control. For 
about half an hour of each orbit, soon after AOS, the crew became especially busy as 
they approached Mare Tranquillitatis. As well as chatting to mission control, Lovell 
and Borman worked together to view and photograph one of the planned landing 
sites, looking for visual cues that could be used by a landing crew and for obstacles 
that might pose a danger to a future lunar module. 

Part of the reason for Apollo 8 going to the Moon, beyond the political act of 
getting one over on the Soviets, was to gain as much experience of lunar operations 
as possible before the landing missions were finalised. One of the techniques 
pioneered by this crew was the first use of the spacecraft’s guidance and navigation 
system, along with visual sightings of landmarks passing below, to help to determine 
their orbit more accurately. Prior to the mission, a number of landmarks were 
selected for Lovell to view through the spacecraft’s sextant. A mark was taken by 
pressing a button when a landmark was perfectly centred in the optics. From 
repeated marks and careful tracking from Earth, they were able to improve 
knowledge of the precise shape of the Moon, and also prove the techniques of lunar 
orbit navigation for future missions. 

In addition to performing for the first time the unique tasks associated with 
flying next to another world, this crew continued to care for the spacecraft that was 
keeping them alive. Lovell occasionally took over the steering of the spacecraft 
while he looked for stars with which to realign the guidance platform. Anders 
looked after the environmental and propulsive systems, taking time out for a series 
of systems checks. All of their tasks were swapped around, allowing them, in turns, 
to get some rest during this frenetic period as they tried to nurse their own 
exhausted metabolisms on a mission that, so far, had denied them adequate rest. 
Catching sleep when the other members of the crew were busy had proved 
impracticable on the way to the Moon. Trying to do so, as laid out in the flight 
plan, during the climax of humanity’s furthest adventure, proved even more 
difficult. 

They had arrived tired and none of them could rest as they shared the excitement 
of seeing the Moon close up for the first time. By the seventh orbit, Borman began to 
notice that he was making mistakes. Worse, Lovell was having finger trouble with 
the computer. Aware that in a little over six hours they had to make a TEI burn to 
get themselves home, that they had a historic TV broadcast to make during the near- 
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Landmark CP-1/8 next to a feature dubbed ‘Keyhole’ within a large far-side crater 
Korolev. (NASA) 


side pass prior to that burn and that they had all been awake for at least 18 hours, 
Borman took control. “I’m going to scrub all the other experiments, the converging 
stereo or other photography. As we are a little bit tired, I want to use that last bit to 
really make sure we’re right for TEI.” 

To make sure that mission control understood what he intended, he specifically 
referred to the CMP tasks: “I want to scrub these control point sightings on this next 
rev too, and let Jim take a rest.” 

Despite the can-do spirit of his colleagues, Borman stuck to his guns. ““You’re too 
tired,”” he admonished. “You need some sleep, and I want everybody sharp for TEI; 
that’s just like a retro.” 

He was comparing the TEI burn to the retro burn used to get out of Earth orbit 
and return to the ground. In many ways the two types of burn had similar dire 
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implications if they were to fail, except that, for the latter, there might be a remote 
possibility of a rescue mission around the Earth. Anders realised that his commander 
wasn’t fooling and suggested a way of getting more science done while they rested: 
“Hey, Frank, how about on this next pass you just point it down to the ground and 
turn the goddamn cameras on; let them run automatically?” 

“Yes, we can do that.” 

Mission control were used to having things done as prescribed, but understood 
the crew’s need for rest. Still, Capcom Mike Collins had to relay a request for exactly 
what was being cancelled. “We would like to clarify whether you intend to scrub 
control points 1, 2 and 3 only, and do the pseudo-landing site; or whether you also 
intend to scrub the pseudo-landing site marks. Over.” 

Borman was uncompromising. Only the success of the mission was important to 
him. If he sensed that their reconnaissance task was jeopardising their chances of 
getting home, he had no hesitation in dropping it. ““We’re scrubbing everything. Il 
stay up and point — keep the spacecraft vertical and take some automatic pictures, 
but I want Jim and Bill to get some rest.” 

Mission control relented. Anders, being a typical driven perfectionist, tried again 
to continue with his tasks: “I’m willing to try it,” he offered. 

“You try it, and then we’ll make another mistake, like ‘Entering’ instead of 
‘Proceeding’ [on the computer] or screwing up somewhere like I did.” 

When Lovell spoke up, Borman stood his ground. “I want you to get your ass in 
bed! Right now! No, get to bed! Go to bed! Hurry up! I’m not kidding you, get to 
bed!” 

Despite their tiredness, the crew completed their 10 orbits around the Moon over 
Christmas and fired their engine for a safe TEI and return home. 


IN THE DESCENT ORBIT 


The descent orbit of the final four missions was a particularly exciting affair as the 
spacecraft gently descended from its 110-kilometre high point over the far side to 
skim across the near-side mountain tops with a clearance of barely 15 kilometres. 
The northerly paths taken by Apollos 15 and 17 over the near side were especially 
notable for the spectacular ride they offered the crews. As they descended from their 
apolune, these spacecraft passed over Mare Crisium then Mare Serenitatis. On 
Apollo 15, Mare Serenitatis was already lit by the morning Sun and the mountains 
on its western shore rose like a wall ahead as they descended across the its smooth 
basalt plain, so huge, its curvature was readily apparent. Capcom Karl Henize, who 
must have been imagining the approaching peaks, jokingly enquired about their 
safety. “Fifteen, does it look like you are going to clear the mountain range ahead?”’ 

Irwin replied, “Karl, we’ve all got our eyes closed. We’re pulling our feet up.” 

“Open your eyes. That’s like going to the Grand Canyon and not looking.” 

This range also formed the eastern margin of the great Mare Imbrium. It was 
within an embayment seated among these peaks that David Scott and Jim Irwin 
would eventually land. 
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On Apollo 17, Jack Schmitt found his calling as a teller of stories of the Moon. 
There was little room in this geologist’s mind for gushing wonderment at the stark 
beauty of Luna’s ancient surface. No. As soon as the spacecraft had emerged from 
behind the Moon after LOI and he had completed his report on the SPS propellant 
utilisation, he began to bend the ear of Capcom Gordon Fullerton with a running 
commentary of the terrain below, breaking off at one point to remark, “One little 
minor problem, Gordy, is that we’re breathing so hard that the windows are fogging 
up on the inside for a change.” 

It was little wonder. The only trained scientist to reach the Moon was going to 
give a master class in observational geology, but coming over Mare Crisium he was 
just getting warmed up. “Oh, boy, there is Picard [Crater] — or Peirce, one of the two. 
Okay, Gordy, all those dark and light albedo changes around Picard and Peirce are 
not obvious at this particular angle yet. There’s some hint of them.” 

“Roger,” confirmed Fullerton. 

Schmitt stuttered on as the TV camera broadcast the view to Earth. ‘““The rim — Is 
there one farther south of Peirce? Which — is it far — Is the one farthest — Picard, yes. 
Picard, I think, is the one I’m looking at. Yes, it is. Yes, and I can see Peirce now just 
behind the rendezvous radar.” 

Jack Schmitt had been trained by NASA to fly jets as a condition of being an 
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astronaut. However, he simply did not think like a pilot, for pilots are trained to stay 
off the radio unless there is something operationally important to say, and this was 
the case for most crews. However, Schmitt’s natural tendency, honed by years of 
scientific observation, was to describe. And this he did in spadefuls. Even during 
their first near-side pass, as they passed over the night hemisphere of the Moon, he 
made use of the cool, dim Earthlight that illuminated the landscape below. “I’ve got 
a visual on Eratosthenes and Copernicus. They are obviously different-age craters in 
this light. You can see the ray patterns in Copernicus moderately well. You can even 
tell that they do cross Eratosthenes. Stadius shows up as a very clear dark area to the 
southwest of Eratosthenes.”’ 

Later in the flight, he had an opportunity to observe one of the Moon’s most 
distinctive craters, Archimedes, located in the middle of Mare Imbrium. Archimedes 
is important to lunar geology because it is part of a series of lunar features that 
allowed geologists like Schmitt to apply the principle of superposition to construct a 
stratigraphic history of the region. Simply stated, this principle holds that the 
realitive ages of features can be deduced by observing which features overlie others. 
Archimedes 1s flooded with the lavas that also filled the Imbrium Basin so it is older 
than the most recent lava outpouring. To its south and southeast is a light-toned 
patch called the Apennine Bench Formation (the Apennines being the mountain 
range that forms the southeastern rim of the Imbrium Basin). Schmitt referred to this 
feature simply as the Imbrium Bench. It is evident that it predates Archimedes 
because we can see damage from the crater’s formation across its surface. Finally, 
the Bench seems to be a sheet of a different kind of lava that formed soon after the 
creation of the Imbrium Basin itself. Schmitt told all this to Capcom Gordon 
Fullerton. 

“This is one of the first opportunities that I’ve had to look closely at Archimedes, 
which is one of those craters that, in the early days of the lunar mapping programme, 
helped to establish some of the fundamental age relationships between the various 
units that were visible in the Earth-based photography.” 

History lesson over, he began his description: “In this particular case, it related to 
the sequence of events that created Imbrium, cratered it, and then flooded it with 
mare. And Archimedes is a completely closed circle as a crater, and it is filled with 
mare. And it, in itself, is superimposed on one of the main benches of the Imbrium 
crater. Now, to have mare filling that crater and actually filling all the depressions of 
approximately the same level in the vicinity of a large mare region, it’s one of the 
things that’s suggested to many people that rather than single sources for mare lavas, 
you have a multitude of sources in a very fractured lunar crust. The ultimate source 
in depth, though, is still certainly a subject for controversy. Some of the ridge and 
valley structure of the Archimedes impact blanket is not covered by mare and 
extends to the southeast out onto the Imbrium Bench. That was also one of the 
pieces of evidence used in those early days of photogeologic mapping of the Moon. 
You'll have to excuse the reminiscing, Gordy.” 

On and on he went, before and after his visit to the surface, providing lunar 
scientists with a journal of geological observations to stand for all time as the sights 
of the first scientist to visit the Moon. 
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Mascons: a lumpy Moon 

Over a one-year period between 1966 and 1967, five Lunar Orbiter spacecraft were 
dispatched to the Moon to carry out comprehensive photo-reconnaissance of its 
surface largely in support of the Apollo programme. It was mostly through this 
programme that engineers gained the skills necessary to accurately track an object 
around the Moon and control its flight path. As they did so, they were surprised to 
discover that, unlike orbits around Earth where the gravity field is nearly uniform, 
the orbits of these spacecraft were being perturbed by regions of higher density in the 
Moon’s crust that often seemed to be associated with the circular maria. It appeared 
that events in the Moon’s past had bequeathed it with a gravity field which, to 
scientists of the late 1960s, seemed unexpectedly uneven. Subsequent analysis 
suggested that the majority of these mass concentrations, or ‘mascons’ as they came 
to be known, are due to denser mantle material having been brought nearer the 
surface by the impacts that formed the basins, and, to a lesser extent, by the layers of 
dense basalt that were extruded onto the surface to fill these basins and form the 
maria. This ability to determine a body’s sub-structure by analysis of a spacecraft’s 
flight path would be built upon over succeeding decades as spacecraft were sent to 
orbit around other bodies in the solar system. It became a powerful technique that 
would reveal much about their large-scale structures. 

Mascons complicated the mission planning process for Apollo because of their 
profound effects on lunar orbits. Since they are largely on the near side, they 
accelerate spacecraft slightly when compared to the far side. Over a remarkably short 
time, and with some help from perturbations due to Earth’s gravity, lunar orbits are 
modified by being lowered on the near side and raised on the far side until, if no 
intervention occurs, they cause the spacecraft to impact the lunar surface. As later 
high-precision gravity maps of the Moon would reveal, Apollos 15 and 17 happened 
to fly over two of the most intense mascons — those associated with Mare Serenitatis 
and Mare Imbrium. 

On Apollo 15, FIDO compensated for the effects of the mascons by targeting 
the perilune of the descent orbit a little high in the expectation that while the crew 
slept, it would drop to about 15 kilometres, the preferred altitude from which the 
LM should begin its descent to the surface. This strategy had worked well on 
Apollo 14, which flew around the lunar equator, but because the intensity of the 
Imbrium and Serenitatis mascons had not been appreciated, the perilune of the 
Apollo 15 orbit descended below 15 kilometres while the crew were asleep. The 
monitoring flight controllers reckoned that by the time Scott and Irwin were ready 
to begin their final descent, their perilune would be down to around 10 kilometres, 
which was much lower than had been trained for. However, with their usual 
foresight, the planners had inserted a possible adjustment to the orbit into the 
flight plan in case this happened, and CMP Al Worden made a small trim 
manoeuvre to raise the perilune. On Apollo 16, no trim was required. Its equatorial 
flight path took it away from the strongest mascons and lessened the gradual drop 
of its perilune which, in any case, FIDO had targeted even higher for the DOI 
manoeuvre. 

For Apollo 17, the lessons from Apollo 15 were applied, and the DOI 
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manoeuvre was split into two parts to deal with the influence of the Imbrium and 
Serenitatis mascons. As with the previous flights, the CSM America burned an 
initial DOI manoeuvre. This took their perilune down to a safe 26.5 kilometres 
which, overnight, dropped to 22 kilometres. After the separation of the LM 
Challenger, the two spacecraft went behind the Moon for the last time before 
landing. While out of sight of Earth, America returned to its 110-kilometre circular 
orbit, and Challenger burned the second DOI manoeuvre that dropped its perilune 
right down to 13 kilometres. Since they only had half an orbit to go before their 
final descent to the surface, there would not be enough time for mascons to perturb 
their trajectory. 

Constantly learning from their operational experience, flight controllers and 
planners had become pretty savvy by the end of the Apollo programme. These were 
important lessons that would be applied to space operations as a whole across 
succeeding generations of space exploration. 


ENTERING THE LUNAR MODULE 


Taking a lunar module to the Moon was not like jumping into a boat, casting off and 
sailing away. This was an extremely complex, diverse and exotic machine, perhaps 
even more so than the CSM, and one whose many capabilities were pushed to the 
limit in order to save weight. The machine had already been given a preliminary 
check on the coast out from Earth, but now, every system was going to be tested as 
far as possible while they were still attached to a good CSM. 

First of all, the three crewmembers had to put on their suits. At this point there 
was no need to wear helmets and gloves and this made it much easier to operate 
equipment and talk to each other. Next, they checked to ensure that it was safe to 
open the two hatches that separated the spacecraft — after their earlier inspection the 
hatches had been closed so as to ensure that a failure of the thin-skinned LM, 
perhaps through meteoroid impact, would not have a catastrophic effect on the 
command module’s atmosphere. Once they had checked a pressure gauge to confirm 
that the tunnel was at the same pressure as the CM cabin, the forward hatch was 
removed, followed by the probe and drogue assemblies that had brought the two 
craft together. Having gained access to the tunnel, the LMP opened the LM’s upper 
hatch and floated through into the lander’s cabin. NASA even dreamt up an 
acronym for this; IVT, for intravehicular transfer. When the LM’s battery supplies 
had been brought on line, the umbilical that fed power from the CSM could be 
disconnected. 

Numerous items were transferred across for use in the time the LM would be 
operating independently. These ranged from pens and books to the helmets and 
gloves that they would wear on the Moon. Valves were opened to enable the ascent 
stage to access water and oxygen supplies in tanks contained in the descent stage. 
The reason these were stored in the descent stage was that they would be left behind 
on the lunar surface in accordance with the philosophy of discarding dead weight 
prior to major manoeuvres. Communications, cooling, caution and warning, 
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guidance and navigation, environmental control — all the systems that make a 
spacecraft fit to carry a human — were turned on, tested and checked. Rows of circuit 
breakers similar to those found on contemporary aircraft were opened or closed as 
required, based on diagrams in the checklist that gave the LMP a quick method of 
checking their state by simply scanning his eyes across and comparing the patterns of 
white or black dots. White meant the breaker should be pulled to reveal a white ring 
indicating that it was open. 

Ever since the lunar module had been installed within the shroud at the top of the 
Saturn V, its landing gear had been tucked tight against its descent stage. Explosive 
devices were fired to deploy the gear to give the LM its familiar form with out- 
splayed legs. At the same time, long probes that had been folded up against three of 
the legs were released. These probes, which extended 1.7 metres below the landing 
pads, would reach the surface shortly before touchdown proper. Their purpose was 
to provide a cue for the commander to shut down the engine while the LM was still a 
short distance above the ground. From there, it could gently drop under the Moon’s 
weak gravitational attraction. The lip of the engine nozzle was only about 30 
centimetres above the plane of the landing pads, and planners feared that if a small 
bump in the surface were to even partially plug the nozzle opening, it could result in 
a dangerous backpressure within the engine. 

Originally a probe had been attached to all four footpads but Neil Armstrong had 
pointed out the possibility that his descent down the ladder might be impeded by a 
large length of metal probe that had been bent in some unpredictable way during the 
landing. The probe below the ladder was therefore removed from Eagle and all 
subsequent landers. 


Platform realignment: the LM way 

The LM possessed a full guidance and navigation system similar to that in the 
CSM but with different names. It was the primary guidance and navigation system 
or just PGNS and, as often happened, the people of Apollo quickly transmogrified 
the pronunciation of this clumsy acronym to ‘pings’. It had its own inertial 
measurement unit and optical system. Upon power-up, it needed to know three 
things: what time it was, where it was, and which way was ‘up’. A call from the 
CMP in the command module allowed the commander to set the mission clock to 
the right time, and this information was eventually passed to the computer. Other 
variables were loaded into the computer to prepare it for the proper operation of 
the spacecraft; the LM mass, the settings for its digital autopilot and trim angles 
for the engine gimbals. An uplink from mission control direct to the computer’s 
memory provided a state vector to tell it where it was, how fast it was moving and 
in what direction. They also uploaded a REFSMMAT which would provide a 
reference for which way was ‘up’, but only when the guidance platform was aligned 
in accordance with it. 

Although the computer at the core of the LM guidance and navigation system 
was essentially identical to the one in the command module, the systems connected 
to it were quite different. This reflected how engineering constraints altered when 
designing a super-light, rocket-powered Moon-lander instead of an interplanetary 
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Pete Conrad and Alan Bean in the LM simulator. Between them is a yellow tubular 
framework that surrounds the eyepiece for the AOT. (NASA) 


spacecraft that had to withstand atmospheric re-entry and parachute drop onto the 
surface of Earth. 

For the first alignment of its guidance platform, the LM was still docked to the 
CSM, and procedures reflected this. First, as a starting point, the known orientation 
of the platform in the CSM provided an approximate alignment. Since there was no 
computer-to-computer connection between the two spacecraft, gimbal angles were 
recorded manually by the CMP and radioed through to his colleagues. A few simple 
calculations had to be applied to these angles to account for the different 
orientations of the coordinate systems of the two spacecraft, and to take into 
account the angle indicated in the tunnel that measured any mutual misalignment. 
The gimbals of the LM’s IMU were then commanded to drive the platform to this 
orientation. While not sufficiently accurate for precise manoeuvring, this procedure 
gave the platform a reasonably good idea of which way was ‘up’. 

The next step was to carry out a fine alignment that used Program 52, as in the 
CM. However, whereas the CM sported a sophisticated motor-driven sextant and 
telescope, the LM had a much simpler periscope arrangement called the alignment 
optical telescope (AOT), which was mounted at the top of the cabin between the two 
crewmembers. This was a remarkably ingenious device, whose elegance was in the 
simplicity of its design. Its main component was a unity-power telescope with a 60- 
degree field of view that could be manually rotated between six fixed positions: 
forward, forward right, aft right, aft, aft left and forward left. It incorporated two 
methods of using the stars to determine the orientation of the platform. One was for 
in-flight use when the LM was free to rotate; the other was for use on the surface, or 
for when it was attached to the CSM. Despite its simplicity, the AOT allowed the 
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commander to align the LM’s platform just as accurately as the CMP could align the 
platform in the command module. 

Sighting the stars was done against an illuminated graticule on which were 
inscribed a series of patterns. A pair of cross-hairs was used when the LM was in free 
flight, and a pair of radial lines and spirals came into play for surface or docked 
alignments. In both cases, the computer was told which of the six detents the AOT 
was in, and which star was to be marked. In each case, it was then a two-step process. 

To mark on a star during free flight, the LM was manoeuvred to make the star 
move across the X and Y cross-hairs, with marks being taken when it coincided with 
each line so that the computer could define two intersecting planes whose vertex 
pointed to the star. A similar pair of marks on a second star gave the two vectors the 
computer required to calculate the platform’s orientation. 

The second method was normally used on the lunar surface, but it could also be 
brought into play when the LM was docked to the CSM. It was considered 
undesirable to try to manoeuvre the entire stack from the lightweight end so this 
method did not require that the LM be manoeuvred. It was also a simple two-step 
process once the computer knew which star was being viewed at which detent. First, 
the graticule was rotated until the star lay between the two radial lines. Pressing the 
‘Mark X’ button yielded the shaft angle. The graticule was rotated again until the 
star lay between the two spirals. Pressing ‘Mark Y’ gave the reticle angle. The 


The exterior aperture of the AOT on top of Spider, as photographed by David Scott 
from the open hatch of Apollo 9’s command module Gumdrop. (NASA) 
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computer could then convert this information into a vector to the star. This process 
was repeated using a second star. When completed, the computer could determine 
the platform’s actual orientation which allowed it to be accurately aligned to the 
required REFSMMAT, in this case, the landing site REFSMMAT. 


Landing site REFSMMAT 

The landing site REFSMMAT was another of the many frames of reference used 
during an Apollo flight. It was carefully chosen to aid a landing crew by having their 
attitude displays, the FDAIs, or 8-balls, give readings that would make sense to a 
pilot as he approached the lunar surface. This frame of reference was defined as 
being the orientation of the landing site with respect to the stars at the predicted time 
of landing. The actual orientation of the landing site, of course, continuously 
changed as the Moon rotated on its axis and only matched the landing site 
REFSMMAT at one moment in time. This coincidence of the two was known as the 
‘REFSMMAT 00 time’ and therefore this time represented the intended moment of 
landing. 

When properly aligned to this REFSMMAT, the platform’s x axis would be 
parallel to a vertical line running from the centre of the Moon out through the 
landing site position. Its z axis would be tangential to the landing site yet parallel 
with the CSM’s orbital plane and thus with the LM’s approach path, pointed in the 
direction of flight. Use of this frame of reference meant that if the LM landed at the 
planned time and place, was in a fully upright attitude and was pointed forward, 
then its FDAI display should show 0 degrees in all axes. 


Get the hell out of there: the AGS 

As ever, there was a backup system for the PGNS, although in this case the 
philosophy was a little unusual because, in the event of failure, it was not meant to 
replace the PGNS in order to allow the mission to continue. As its name indicated, 
the abort guidance system (AGS — pronounced ‘aggs’) was intended to be used only in 
case of an abort. 

Given the limited capabilities of the lunar module, it was considered to be 
almost impossible to accomplish a landing without a working guidance system. The 
highly optimised nature of the approach trajectory and the complexities of keeping 
the spacecraft balanced on top of the descent engine’s thrust meant that there was 
very little room for error. A fully functioning backup system would have been 
excessively heavy. Yet there were reasonable concerns about the possibility of the 
PGNS failing while two men were descending to the rocky surface of a hostile 
world. Its systems were complex, exotic and very new. It was decided, therefore, 
that if the PGNS did fail, the descent to the surface should simply be aborted, the 
descent stage should be jettisoned, and the ascent stage should fire its engine to 
return to orbit. To achieve this, designers added a separate pared-down guidance 
system, the abort electronics assembly, which included a computer at its heart, the 
AGS, which was even simpler than that in the PGNS. Instead of having its own 
heavy IMU, the AGS received its attitude reference from a set of body-mounted 
gyros and accelerometers. These were intrinsically less accurate and more prone to 
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Photographed during the flight of Apollo 11, this is Buzz Aldrin’s station in Eagle’s 
cabin. In the centre is the DEDA, Aldrin’s interface with the AGS. (NASA) 


drift than a full IMU, but they would only be required for a short period while the 
abort took place. 

Throughout a normal descent, the lunar module pilot closely monitored the AGS 
to ensure that its knowledge of velocity and position kept track of the PGNS. At 
regular intervals, he fed it updates from the more accurate system and then watched 
how the two compared. Then, if the crew lost the PGNS, the AGS was ready to take 
over and automatically guide them to a safe orbit, from which the CSM could rescue 
them. 

The LMP worked with the AGS using an interface that was basic even 
compared to the DSKY, the data entry and display assembly (DEDA). It had one 
single 5-digit display and a simplified keyboard. Since it had little in the way of a 
user-friendly interface, he had to get down to its machine level to use it. For 
example, to access its memory he had to supply the address where a value was 
stored in a manner that will be familiar to people who used the very early 
microprocessor machines of the 1970s. In order to achieve high functionality, he 
had to understand it well and be slick at interrogating it. It could keep an LMP 
very busy. By Apollo 17, Jack Schmitt and the engineers he worked with on 
simulations had done so much with the AGS that they believed they could have 
used it to continue to a landing had the PGNS failed. 


Pinning down a landing site 
Immediately after the Apollo programme was announced, there was the question of 
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where to land. Based on the limitations imposed by flight dynamics, especially the 
free-return trajectory, NASA narrowed their search for a site to an equatorial zone 
10 degrees wide across the Moon’s near side that ranged no more than 45 degrees 
east and west of the central meridian. Within this area, planners looked for an open 
area within which an ellipse could be drawn that represented their best guess of the 
LM’s landing accuracy and where a crew could probably find a level spot without 
having to hover for an excessive time. Additionally, they wanted a relatively smooth 
ground track on the approach so that rugged terrain would not fool the LM’s 
landing radar. The site chosen for the first landing attempt was in the southwestern 
portion of Mare Tranquillitatis. In the event, Neil Armstrong and Buzz Aldrin found 
that tiny errors in their descent orbit resulted in their landing six kilometres beyond 
the planned point. 

If future crews were to undertake meaningful science on the Moon, it was 
essential that they be able to land at a predetermined spot on the surface to provide 
access to specific geological structures identified on pre-mission photography — and 
this was in an age before the invention of satellite navigation. To show that such a 
point landing could be made, and ostensibly to sample an unmanned probe that 
landed 31 months earlier, Apollo 12 was assigned Surveyor 3 as its target. 

Pinpoint landings such as this were achieved using two techniques. The first was a 
series of sightings through the CSM’s optics of a feature at the landing site that 
helped navigational engineers to determine the site’s exact position, not only in terms 
of its lunar coordinates but also its distance from the lunar centre, a value known as 
its radius of landing site (RLS), there being no ‘sea level’ against which to measure 
height. Then, as the LM came around from the Moon’s far side for the final time 
before landing, engineers measured how the Doppler effect changed its radio signal 
and compared this with what was predicted for a perfect landing. This yielded how 
far the predicted landing site was offset from the intended site. It was then simply a 
case of fooling the LM’s computer in moving its aim point by this offset, and then let 
it alter its descent profile and land at the desired position. 

As Apollo matured and scientists increasingly took charge of the programme’s 
goals, they sought to explore more scientifically interesting locations. Landing sites 
for the later missions were nestled within mountain ranges that promised to provide 
clues to the Moon’s history. By doing so, Apollo’s planners had to face the fact that, 
with the exception of the equatorial belt, the Moon had not been well mapped. The 
Lunar Orbiter missions had been tasked to support Apollo, and so had 
photographed selected parts of the equatorial zone in great detail. Once this task 
was completed, the Lunar Orbiter programme was released to the scientists to garner 
wider photographic coverage at the expense of resolution. 

Relatively poor imaging meant that Apollo 15, the first mission to leave the 
equatorial zone for a more northerly site, had to contend with significant uncertainty 
in the position of its landing site, not only in terms of its latitude and longitude, but 
also its RLS value. Additionally, the crew had to contend with landing at a site 
surrounded on three sides by mountains, and literally thread their way between 
peaks that rose more than four kilometres above the surrounding landscape. 
Planners designed a steeper approach trajectory that dealt with the mountains, and 
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Schematic diagram from the Apollo 15 flight plan that visualises the various phases of a 
P24 tracking exercise. (NASA) 


careful interpolation of the available Lunar Orbiter imagery allowed the site at 
Hadley Rille to be certified as safe for landing. 

The ability to track a feature at the landing site, first practised on Apollo 8, gave 
the trajectory team the confidence to make a successful landing precisely where they 
desired. It was Al Worden’s task as CMP on board Endeavour, to make repeated 
sightings of a selected feature close by Falcon’s planned point of touchdown, a crater 
appropriately named Jndex sited at the end of a line of craters named after three of 
the books of the New Testament. 

Prior to the landmark tracking exercise, mission control read up a PAD that 
would help Worden to coordinate his activities. These were a set of timings and an 
attitude: Tl was when the landmark appeared on the horizon; T2, which came soon 
after Tl, was an appropriate time to begin pitching the spacecraft nose down to 
ensure that the landmark kept within the articulation range of the optics; TCA was 
the time of closest approach of the spacecraft to the landmark; and T3 marked the 
end of the tracking exercise. Additional information often included a suitable 
initial attitude for the spacecraft at which to begin to pitch down, and a note of 
where the landmark was expected to be, in both position and altitude. If that 
information was not forthcoming, approximate values could be obtained from the 
flight plan. 

It is interesting to note how longitude was handled by the software in the 
computers in the CSM and LM. Conventionally, longitude around a body would 


Entering the lunar module 269 


be expressed in the range —180 to +180 degrees. Using the 5-digit display of the 
DSKY, a large longitude value could only be represented to two decimal places, 
e.g. + 178.62 degrees. Remembering that in this primitive computer there was no 
provision for the decimal point to float, we can see that all longitudes would have 
had to be expressed to two decimal places, and around the equator, 0.01 degree 
represented a third of a kilometre, an uncertainty that was much too large for 
Apollo. An elegant solution arrived at by the programmers was to stipulate that all 
longitudes would be handled by the computer after they had been divided by 2. As 
the largest specified value was now 90 degrees, longitudes could be expressed to 
three decimal places. This brought the inherent resolution of the value down to a 
mere 60 metres. 

Worden used Program 24, the so-called rate-aided optics tracking program, for 
his task. Upon entering the landmark’s assumed position, the computer would 
drive the optics to aim them at where it thought the landmark should be. Peering 
through the eyepiece, Worden then used a little joystick to finely adjust the aim and 
place the graticule precisely on the landmark, taking marks at regular intervals as 
he passed overhead. If the spacecraft’s orbit was well understood, this data could 
be used to refine the position and altitude of the landmark. The sightings were 
carried out with the unity-powered telescope, an instrument with a very wide field 
of view, instead of the 28-power sextant. ‘‘I would have felt much warmer about the 
landmark tracking if I had done it with the sextant, rather than with the telescope,”’ 
said Worden after his flight. ““The telescope presents a pretty large field of view, 
and you're trying to track a very small object down there. Apparently the numbers 
don’t show that to be true — that there is a great deal of difference between the two. 
I think my own personal feelings would have been that I would have felt much 
better about it if I had done it with a sextant, because then I know I’m really on the 
target.” 


Filming Apollo 

As many checks as possible were made to the LM within the time available before it 
was allowed to fly free and continue to the surface. While these were being carried 
out, the CMP mounted cameras in brackets to monitor the departure of the lander 
through the CM windows. A television camera would then allow live pictures to be 
sent to Houston and the world, although on Apollo 11, the opportunity was passed 
by. A 16-mm movie film of the event would also be taken using the lightweight 
Maurer cameras carried on all Apollo missions. 

These 16-mm cameras have provided much of the best motion documentation of 
the Apollo flights, yet their official NASA designation implied that history and 
posterity were far from the thinking behind their inclusion on the trip. NASA 
called them data acquisition cameras (DACs) and used them in precisely that way — 
to gather data on the performance of its vehicles. For example, one of the most 
familiar Apollo scenes is a short shot of a lunar rover being driven around the 
Apollo 16 landing site at Descartes, with John Young at its controls and a great 
rooster-tail of dirt rising from its wheels. This wonderful film was shot only 
because engineers wanted to see how the rover performed in its designed 
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A Maurer data acquisition camera mounted in the LMP’s window during the Apollo 11 
mission. It would later record Eagle’s descent to the lunar surface. (NASA) 


environment. Since the TV camera was mounted on the rover itself, it was unable to 
provide such coverage and in any case, a moving rover could not maintain the aim of 
its dish antenna. 

With a DAC mounted in a command module window, the first moments of the 
lunar module’s flight were recorded, and for Apollo 11, this included a pirouette to 
allow the landing gear to be inspected. This DAC would also film the LM’s ascent 
stage as it returned from the Moon. Another DAC mounted in the right-hand lunar 
module window would film the approaching landscape during the descent, and again 
as the ascent stage rose from the surface. 

The DACs have played their part in distorting the historical record, not in terms 
of image, but of time. NASA instructed the crews to shoot at frame rates that were 
often much slower than that normally used for live action. Conventionally, movie 
film is shot at 24 frames per second and subsequently projected or transferred to TV 
at about the same rate. The Maurer cameras that were used on Apollo could also 
shoot at one, six or 12 frames per second, and much of what was shot during the 
missions used these slower rates to conserve film. When replayed on conventional 
equipment at the higher frame rate, the recorded events would be portrayed at twice, 
four times or even 24 times their actual speed. Eventually those recordings found 
their way into TV and film documentaries and influenced the public’s notion of the 
Apollo spacecraft. It was only with the advent of advanced video processing 
technology in later years that careful researchers were able to restore a true sense of 
the speed of the Apollo films. It was also common to keep a window clear by 
mounting a camera to one side and have it look through a small mirror, thereby 
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reversing the shot and further misleading future interpreters of the imagery. In the 
long run, while the television coverage suffered from the degradation inherent with 
the technology of the time, the movies shot by the DACs have stood as a clear, high- 
quality record of the achievements of Apollo. 


CONTINUING PREPARATIONS 


While the commander was tending to the LM’s guidance needs, the LMP continued 
his checks with the activation of the communications system. Communications to 
the CSM were handled by two VHF antennae mounted fore and aft. Communica- 
tions to Earth, as well as the same ranging and tracking functions as found on the 
CSM, used either of two low-gain S-band antennae, also mounted fore and aft. For 
higher data rates, a steerable, high-gain dish was mounted high on the right-hand 
side of the ascent stage and it included systems to keep itself aimed towards Earth. 

For the descent, the electrical power for the LM came from batteries mounted in 
the descent stage. Originally, the lunar module’s manufacturer, Grumman, had 
intended to power it with fuel cells, in a manner similar to the CSM and most of the 
Gemini spacecraft. Managerial and technical difficulties, mostly concerned with the 
interdependence of the power system with other systems in the already exotic LM, 
conspired with the race to get the spacecraft ready on time to force a switch to using 
batteries as the power source. Though heavy, batteries had the enormous advantage 
of simplicity, and since the LM was intended to be powered for only a few days, their 
weight penalty was no worse than the fuel cells. As part of the checkout of the LM, 
their health was closely studied, as were the extra set required for the ascent stage. 
The ascent stage carried a separate small set of batteries because it had to operate on 
its own for only a few hours for the trip from the surface of the Moon up to the 
CSM. 

Another major item in the LMP’s checklist was the cooling system. Whereas the 
CSM used radiators and evaporators to lose heat from a water/glycol coolant, the 
LM relied on a sublimator to achieve the same task. These devices cooled by having 
ice directly sublimate to water vapour in a vacuum, in the process taking heat away 
from the coolant. The lunar spacesuits used the same cooling technique. Because the 
LM had no source of water available as a by-product of fuel cell operation, a large 
water tank was included in the descent stage, with a smaller supply in the ascent 
stage. The water/glycol coolant was pumped between the LM’s electronics and the 
sublimator by redundant sets of pumps. The pressures delivered by these pumps were 
checked before committing the LM to the surface. 

Manoeuvring the LM was effected by a set of thrusters similar to the RCS jets 
mounted on the service module. Where each cluster of jets on the service module had 
independent propellant supplies, those on the lunar module had a common 
propellant system that, if the need arose, could be topped up from the propellant 
used by the ascent stage’s main rocket engine. As a further difference, the service 
module’s RCS quads were mounted on the spacecraft axes, while those for the LM 
were set at the corners of a square around the spacecraft to keep the windows and 
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hatchway clear. Before it could be used, the propellant system had to be pressurised. 
An explosively operated valve was opened to allow helium gas into the propellant 
tanks, at which point the crew and mission control could verify that the pressures 
within the system were as expected. 


Dead band 

The next stage of the LM checks required the crew to think about the concept of the 
dead band, which is another of those curious terms in spaceflight where a simple 
concept lay behind opaque jargon. 

Apollo was one of the first applications of a digital fly-by-wire system whereby 
control of a vehicle was placed in the hands of a computer. In the Apollo guidance 
computer, programmers included a series of algorithms that would fire the RCS jets 
as necessary to bring the spacecraft to a desired attitude with respect to the IMU 
platform, and hold it there. These algorithms were called the digital autopilot (DAP). 
However, the gimbals around the platform were able to measure angular errors in 
the spacecraft’s attitude to an accuracy of hundredths of a degree, and to have 
constantly corrected the slightest drift to such a tight tolerance would have made the 
spacecraft seesaw backwards and forwards as the jets incessantly fought to maintain 
the ideal attitude, wasting propellant in the process. Instead, a range of attitude error 
around the ideal was deemed acceptable and the thrusters did not fire within this 
band; they were said to be ‘dead’. This error band, the dead band, could be set to be 
either a half or five degrees from ideal, depending on how accurately the spacecraft 
had to be pointed. A narrower dead band used more RCS fuel, because the thrusters 
tended to fire more often when the spacecraft drifted beyond the permissible 
deviation. 

While still docked, the commander gave the LM’s RCS system a checkout, first by 
using the computer to test that the hand controls were producing the commands 
expected of them, the so-called ‘cold-fire’ checks; and then by firing all 16 thrusters 
for short periods in a ‘hot-fire’ test. Prior to carrying out these tests, he had to ensure 
that his crewmate in the command module had the CSM’s digital autopilot set for a 
wide, five-degree dead band. That is, although overall the thruster firings — fore/aft, 
left/right, etc. — should be neutral, they would briefly rotate the entire CSM/LM 
stack by a few degrees, and it would have been a waste of propellant if the thrusters 
on the service module had to battle to restore attitude. 

The commander also ensured that telemetry from the LM was being sent to 
mission control at a high bit rate. This maximised the number of engineering 
parameters that could be received while the health of the RCS was checked. 

Almost like a third eye on the forehead of the LM’s face, another dish sprouted 
from the ungainly LM cabin, preferring a direction that faced forward. This was the 
antenna for the rendezvous radar, one of the subsystems that allowed the ascent 
stage to seek, find and follow the CSM as it chased the mothership around the Moon 
during the rendezvous. The radar operated in conjunction with a transponder on 
board the CSM so that the LM’s computer could tell how far apart they were, and in 
which direction. As the commander put it through a self-test routine, the final steps 
towards undocking were completed. 
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Breaking the link 

Perhaps it was a bitter sweet moment for the command module pilot as he watched 
his crewmates leave for the Moon. There would probably be some relief that the 
mission had reached this point, and increasingly looked like it was going to be 
successful. At the same time, there might have been a deep longing for an 
opportunity to take a ride to the surface knowing that there were only a few 
kilometres between him and a moonwalk. But for all the CMPs, there was terror in 
the knowledge that it required only one or two of many possible failures to occur, 
and he might have to light his SPS engine and return to Earth alone, as a marked 
man, having left his crewmates on the Moon. 

Alan Bean found Dick Gordon’s reaction to sending his crewmates away on 
Apollo 12 remarkably sanguine. Gordon and Conrad had flown together on 
Gemini 11, although their friendship went back to Patuxent River Naval Air 
Station where they were both test pilots and good buddies. Although Gordon’s 
friendship with the likeable and super-competent Conrad had helped to seal his 
place on Gemini, the experience subsequently gained prevented him from taking a 
ride to the Moon’s surface. Deke Slayton, who decided Apollo’s crewing 
arrangements, generally gave command to the most experienced in a crew, and 
that was Conrad. At the time, he preferred the astronaut in charge of the command 
module to have had experience of rendezvous in case the CSM had to rescue an 
ailing LM. Thus Gordon got to fly the CSM solo. That left Bean, the rookie and 
the third member of this friendly crew, with a ride to the moondust. Twenty-three 
years later, Bean completed a painting that imagined Gordon being down on the 
surface with his two buddies. In his notes on that work, Bean stated, “‘Dick was the 
more experienced astronaut, yet I got the prize assignment. In the three years of 
training preceding our mission, he never once said, ‘It’s not fair, I wish I could walk 
on the Moon too.’ I do not have his unwavering discipline or strength of 
character.” 


UNDOCKING 


To begin the process of splitting the two spacecraft, the electrical umbilical between 
them had to be disconnected within the tunnel and the docking mechanism put back 
in place. Two other umbilicals were reconnected to the docking equipment to pass 
telemetry and commands to and from the probe and to supply power to operate its 
retraction mechanism. Then while the LM crew closed the hatch at the top of their 
spacecraft, the CMP put on his helmet and gloves, a safety measure for the next task 
of preloading the probe. 

Up to that point, the two spacecraft had been held together by the 12 docking 
latches that gripped across the two docking rings and their seals. These latches, 
however, had to be manually released prior to undocking, thereby removing the 
primary means by which the two spacecraft were joined. Therefore, to prevent the 
spacecraft from being pushed apart by the cabin air pressure, the CMP extended the 
probe to engage the three capture latches at its tip, each the size of a thumbnail, with 
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the rim of the hole at the centre of the LM’s drogue. The probe was then tensioned to 
firmly engage these latches. When the main latches were released, the capture latches 
would have to hold against the air pressure that would try to push 34 tonnes of 
spacecraft apart — hence the need for the CMP to be wearing his spacesuit. Before 
any of this, however, he had to disable some thrusters. 

The strength of the probe was more than adequate to hold the spacecraft, except 
in one axis — roll. If the thrusters of the CSM were to impart a rolling motion to the 
stack, the force would be transmitted to the LM primarily through the probe arms 
and the little capture latches, subjecting them to dangerous shear. At this point, 
therefore, the CSM was inhibited from firing its roll thrusters. Once the probe was 
tensioned, it was safe to release all 12 docking latches — an operation that also re- 
cocked them, ready to engage again when the LM returned to dock after its journey 
to the surface. The CMP then reinstalled the hatch at the apex of the command 
module. Only when he had checked that the air pressure in his cabin was secure, 
could he remove his helmet and gloves. 

As with many operations on board Apollo, the procedures surrounding 
undocking and separation were carefully choreographed. Undocking was always 
carried out at a specific attitude and at a specific time, with the stack’s long axis 
towards the Moon’s centre. An attitude was given in the flight plan for the event 
and the stack was manoeuvred to this attitude some minutes prior to the 
undocking. Being in an inertial attitude, the stack would reach the correct 
orientation with respect to the Moon at a specific time, and this would be the 
moment of undocking. 

Undocking was only ever carried out once during a normal mission. The second 
time the LM departed, it was actually cut free, along with the tunnel and all the 
docking equipment — a very final event that disposed of the ascent stage at the end of 
its mission. Coordinating the undocking with the event timer helped the crew to 
accurately run through a time-dependent sequence, as so often was the case for 
major mission events. With 30 seconds to go, the CMP set the EMS to monitor 
changes in velocity and started the movie camera. At zero, a switch that controlled 
the extension and retraction of the probe was momentarily pushed up to finally 
execute the undocking. 

There were two procedures available to undock the spacecraft and it depended on 
the precise operation of the switch that extended the probe to decide which one was 
used. The switch had a momentary action which had two effects: it sent a command 
to the probe to fully extend, which it did regardless of how long the switch was held 
for; it also caused the probe to pull in the capture latches thus disengaging them from 
the drogue, but only for the duration of the switch action. Therefore, to achieve a 
simple undock merely required that the switch to be held closed for the length of time 
it took the articulated probe to extend, so that when it reached its full 25-centimetre 
extension, the latches would still be disengaged and the LM would sail away. 

The preferred method, however, was the ‘soft undock’ for which the extend switch 
was held for only a short period. Although this fully extended the probe, it allowed 
the capture latches to re-engage with the drogue so that the LM would be held at the 
end of the fully extended probe. This method minimised unintended LM velocity 
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Antares, the Apollo 14 LM recedes from Stu Roosa in the CSM Kitty Hawk. (NASA) 


with respect to the CSM. Once the motions between the two vehicles had stabilised, 
the latches were released by cycling the extend switch once more. The CSM would 
then complete the separation by controlled firings of its RCS thrusters. 

If the electrical command to release the capture latches were to fail, the probe 
included arrangements to allow a suited crewman to manually release them from 
either side of the tunnel: either the CMP could pull a handle from the CM side or a 
LM crewmember could access a button in the centre of the probe tip which poked 
through the hole in the centre of the drogue. In either case, the respective cabin 
would have had to have been depressurised and the corresponding hatch opened to 
allow access. 

Undocking generally occurred shortly after the spacecraft came back into view of 
the Earth. When Apollo 15 reappeared after its planned undocking and separation, 
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Ed Mitchell in mission control enquired how it had gone. David Scott didn’t have 
good news. 

“Okay, Houston; this is the Falcon. We didn’t get a Sep, and Al’s been checking 
the umbilicals down on the probe.’’? When Al Worden had pushed the extend switch, 
neither the latches nor the probe extension had operated. The suspicion that the 
probe umbilicals were not properly connected was confirmed by Mitchell’s next 
message. 

“Falcon, Houston. We have no probe tempferature data], which indicates the 
umbilical is probably not well connected.” 

“Okay. Well, that’s just what he’s checking,” Scott informed. Worden had 
removed the forward hatch in order to gain access to the plugs and sockets of the 
probe umbilicals within the tunnel. Scott realised the danger in the situation and 
checked that Worden was aware of it also. “Hey, Al, I hope you made sure the 
extend/release switch was off when you went in there.” Scott’s fear was that if the 
switch to extend the probe had been placed in the ‘on’ position, and with the docking 
latches released, then when Worden reconnected the umbilical the probe would 
immediately extend, separate the craft and evacuate the cabin. 

As soon as Worden had reseated the plugs in their sockets, mission control saw 
their telemetry change. “Apollo 15, Houston. We’re seeing the telemetry on the 
probe now. I presume that may have been our problem.” A new separation attitude 
was sent to the crew to reschedule the event for 26 minutes later. 


Separation and inspection 

Immediately after undocking, the CMP executed a short burn to put some distance 
between the two spacecraft to avoid a collision. This was a translation manoeuvre in 
the CSM’s minus-x direction to back it away from the LM at 0.3 metre (1 foot) per 
second. Both crews filmed each other and, especially on the early flights, the CSM 
would station-keep to allow the LM to be visually inspected and its landing gear 
verified. 

Now flying as separate spacecraft, two important checks had to be made before 
the LM would be allowed to fly away from the safety afforded by its mothership. 
The first check looked at the main engine that would control the descent to the 
Moon, including the control system that throttled its thrust. The second check 
exercised the rendezvous radar that would be crucial to navigate a return to the 
CSM. 


Descent propulsion system 
Most of the LM’s descent stage was taken up with the descent propulsion system 
(DPS). In the parlance of Apollo, the DPS was always pronounced ‘dips’. The 
designers had come up with a simple cruciform structure for the descent stage which 
held a propellant tank in each of the four box-shaped bays around a central space 
where the engine was mounted. 

This engine was remarkable for its time because it could be throttled, i.e. its thrust 
was variable, which was a major technical achievement. The basic idea of the throttle 
mechanism was to alter the area of the injector plate in use at any one time — similar 
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The cruciform structure of a LM descent stage. (NASA) 
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to an adjustable shower head. At its theoretical full power, the DPS could generate a 
thrust of 47 kilonewtons, about half of one engine on a Boeing 737 airliner. In 
operation, it could be throttled smoothly between 10 and 65 per cent full thrust or 
run at a steady 92.5 per cent. This ability to be throttled was essential to enable the 
computer to optimise the vehicle’s descent to the surface and to hover in the final 
moments before touchdown. 

As in the SPS engine, propellants were forced into the combustion chamber by 
pressure alone. There were no pumps to fail. This pressure was provided by two 
helium tanks, one of which stored the gas at ambient temperatures; the other tank 
stored it as supercritical helium (SHe), a strange phase of the gas brought about by a 
combination of very high pressure and extremely cold temperatures. By using SHe, 
more of the gas could be crammed into a much smaller tank, thereby eliminating 
over 100 kilograms of weight from the vehicle. Care had to be taken, however, to 
carefully handle the heat in the overall system. In steady operation, the warmth in 
the fuel would be used to heat the SHe via a heat exchanger. But at engine start, 
before the fuel got flowing, there was a possibility of it being frozen by the SHe. This 
was the main reason for using the ambient tank, which would not freeze the fuel 
while it provided the pre-start pressurisation. First, three explosively operated valves 
were opened by command from the crew to release the ambient helium into the 
tanks. This was part of the preparatory checklist. Later, once the engine was actually 
running, another explosively operated valve would automatically open to release 
SHe into the propellant tanks. 


Checkout nightmares 

Much of the checkout of the DPS was the responsibility of mission control because 
telemetry gave the flight controllers access to far more data than was available in the 
LM cockpit. Therefore, they preferred to use the LM’s steerable antenna to carry the 
required high-bit-rate data. 

Not on Apollo 16, however. The steerable antenna was the LM’s equivalent of 
the CSM’s high-gain antenna. Mounted on the right side of the LM’s roof, its dish 
could be moved under manual or automatic control to aim at Earth. When Charlie 
Duke tried to move Orion’s steerable antenna, he discovered it would only steer in 
one axis. “Well, we’re not gonna have TV from the LM, unless we get that high- 
gain up,” he said glumly to John Young as they battled to get their spacecraft 
checked out for the descent. Up to this point in the checkout everything had gone 
smoothly, but the failure of the mechanism to steer the antenna was the first of a 
series of problems that sprang out of nowhere and which threatened to jeopardise 
the surface mission. They continued the checkout as best as they could using their 
low-gain antennae, but when a failure in the RCS pressurisation system threatened 
to burst its safety devices, Young opined, ‘“‘This is the worst jam I was ever in.’’ He 
didn’t know the half of it. 

One consequence of the loss of the steerable antenna was that mission control 
could no longer directly access the computer’s memory. Duke had therefore to copy 
down two lists of numbers, 179 digits long in total, which represented an updated 
state vector and the REFSMMAT for the landing. Capcom Jim Irwin read them up, 
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The steerable antenna on Apollo 16’s LM Orion hangs uselessly. (NASA) 


and Duke read them back as a check. Young and Duke then laboriously entered 
them into the correct addresses in the computer’s memory, checking to ensure that 
they did not make a mistake. Spacecraft communications were normally handled by 
26-metre antennae, but they managed to overcome many of the problems caused by 
the loss of the steerable antenna by using the extra sensitivity of the 64-metre dish at 
Goldstone in California. Also, by optimising the LM’s attitude, the less capable 
omnidirectional antennae were operated through a favourable lobe in their reception 
pattern. 

During the final far-side pass before the landing, CMP Ken Mattingly prepared 
for his circularisation burn by testing the systems associated with his SPS engine. 


The circularisation manoeuvre 

In all instances, the two spacecraft were allowed to separate once the LM was well 
into the checkout of its systems and no problems were being encountered. For the 
later missions, Apollo 14 onwards, mission control read up a PAD with which the 
CMP could make his circularisation burn. In truth, the orbit that resulted from this 
burn was not really circular but was made deliberately elliptical. This reflected the 
fact that FIDO was compensating for the perturbation of the CSM’s trajectory by 
the Moon’s mascons, and although the effect of these gravitational irregularities was 
not well understood by the flight dynamics team, they hoped that by the time the LM 
was due to return, the orbit would have tended towards circular. 
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The descent orbit that the LM had been left in had its perilune over the near side, 
500 km short of the landing site. Therefore, the circularisation manoeuvre required a 
short burn of the SPS engine — lasting only about four seconds — to be carried out 
around the Moon’s far side which would lift the CSM’s perilune up to about 110 
kilometres. For all SPS burns, an elaborate series of procedures had to be carried out 
to prepare and check the engine and its control systems. One of these checks was to 
verify that the gimbal-mounted engine could be aimed before and during the burn, 
and it was in making this check that a problem occurred that nearly cost Apollo 16 
its landing on the Moon. 

As Mattingly made his checks, Young joked to Duke at how things had begun to 
stack up against them; meaning the problems they were having with the steerable 
antenna and RCS pressures. “Charlie, this is fun, by golly,” he laughed. “It’s really 
the worse sim I’ve ever been in.” 

“Tt’s really bad, isn’t it,” agreed Duke. 

The crews had become used to dealing with difficult scenarios during the many 
and varied simulations that comprised their training. But by the time they went on 
their flights, they were often struck by how calm things were because, for most of the 
time, things worked. The simulator supervisors were no longer throwing obtuse 
scenarios at them to test how they and mission control would respond. But to 
Young, this LM checkout was starting to feel like a particularly nasty simulation. 
Just then, Mattingly called across their VHF link. “Hey, Orion.” 

“You speak?” said Young. “Go ahead, Ken.” 

“T have an unstable yaw gimbal number 2. It oscillates in yaw any time it gets 
excited.” 

“Oh, boy,” said Young. Things were already bad but they had just got a lot 
worse. The SPS included a system called thrust vector control (TVC) that steered the 
engine during a burn. Mattingly had discovered that its backup mechanism was 
shaking wildly every time he tested it. They needed that engine to get home and this 
sounded like a show-stopper. 

“You got any quick ideas?” asked Mattingly. 

“No, I sure don’t,” said Young. 

Their mission rules said that the main and backup actuators for both the engine’s 
pitch and yaw gimbals had to check out as fully functional, or the crew had to return 
home forthwith which would mean cancelling the lunar landing. 

“Tm sure sorry about this,” said Mattingly, “but that number two servo is just 
oscillating like a wild man. It could be a switch here somewhere, but I swear, I’ve 
checked them all I can. I guess I'll power them down.” 

“Yep, and tell the ground when you go around,” said Young. 

“Okay,” replied Mattingly. “Brother, what a way to start the day, huh?’ 

As they were still around the far side, Houston had no inkling of the problem until 
CSM Casper reappeared around the eastern limb. Meanwhile, Young brought Orion 
back towards Casper to await Houston’s decision. 

“Houston. This is Casper,” called Mattingly as soon as he had established 
communication with Earth. “‘We did not do Circ, and I’d like to talk about the TVC 
servo loops.” 
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“Understand. No cire,”’ confirmed Jim Irwin. 

Immediately, teams of engineers in Houston began to work the problems that had 
been reported for the two spacecraft, calling on support teams at the manufacturers 
in California and Long Island. 

Young had psyched himself up for the landing and now it did not look like it was 
going to happen. ‘Man, I’m ready,” he told Duke. “I’m ready to go down and land. 
I think that’d really be neat.” 

Duke was not optimistic. “I bet we dock and come home in about three hours.” 

After four hours, when both spacecraft had gone behind the Moon for a second 
time since reporting the problem, managers decided that it was safe to proceed with 
the landing. Their rationale was that if the main actuators controlling the SPS engine 
were to fail, the backup system would kick in. That is, they thought that its wobble 
did not threaten its primary function, that of bringing the crew home. Six hours later 
than planned, and about as long a delay as could have been accommodated, Young 
and Duke landed safely at Descartes. Although the extra hours spent in orbit had 
eroded the LM’s overall power supply and the surface time had to be trimmed to 
suit, they completed an essentially full mission. 


Rendezvous radar 

The lunar module carried two important radar systems that were tested prior to 
landing. The first checkout was for the rendezvous radar while the CSM was still 
nearby. This radar worked in conjunction with a transponder on the CSM to give 
the crew and the LM computer information about how far away the CSM was, 
how fast it was approaching and in what direction it was located. Although there 
were backup methods for the spacecraft to rendezvous, this radar was an important 
primary component for bringing the two spacecraft together. Its dish antenna was 
attached to a 2-axis mount that permitted pan and tilt movement. When it started 
operating, it swept the view in front of the LM, looking for the CSM until a return 
signal from the transponder was found. The receiving horn was split into four so 
that if the dish were not exactly boresighted on the CSM, the received signal would 
be stronger in one of the horns. The electronics could then operate to aim the 
antenna until all four horns received an equal strength signal. The angle of the dish 
then represented the direction to the CSM. The information from the radar was 
factored in along with knowledge of the LM’s state vector and orbit to derive all 
the necessary information needed by the crew to make appropriate rendezvous 
manoeuvres. 


Landing radar 

On Earth, an aircraft’s altitude is conventionally determined by measurement of the 
external pressure. This makes use of the fact that as altitude is gained the atmosphere 
gradually thins in a well-understood manner. On the Moon there is essentially no 
atmosphere, so another method had to be devised to determine how high the LM 
was above the lunar surface. This was particularly important given the fact that there 
are few clues a pilot can use to determine speed or altitude by eye. There are no trees, 
roads or houses; no haze to give a sense of depth or distance. Most remarkably, there 
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The rendezvous radar antenna on Apollo 9’s LM Spider. (NASA) 


is little variation of topography as one descends from high to low altitudes. Just a 
pock-marked landscape of large craters overlaid with small craters, peppered with 
even smaller craters. Not that a pilot could manually fly the LM to the surface. The 
tight margins involved ruled that out. Good altitude information was needed by the 
computer so that it could fly an efficient path to the surface. 

The way the lunar module made sense of its altitude above this landscape was by 
directing radio signals at it from an antenna mounted on the underside of the descent 
stage. One beam used Doppler techniques to determine the altitude and vertical 
velocity of the LM. Three more beams directed in a splayed pattern yielded the 
spacecraft’s horizontal velocity, again using the Doppler effect. Combined, the 
radar’s electronics could supply three-dimensional velocity information and altitude 
to the computer. 

Whereas the initial landing missions flew over smooth terrain on their way to the 
touchdown, the later missions approached their landing sites over mountainous 
landscapes. To deal with this, the computer had a simplified model of the terrain 
profile added to its programming to compensate for the natural changes in height 
that would be encountered by the LM on its planned ground track. The computer 
also took account of the antenna’s slant angle; that is, its angle away from true 
vertical in which it was pointed at any moment. The data derived from the radar was 
not only used by the computer in its control of the descent. It also drove the 
tapemeter and cross-pointer displays for the crew. 

The antenna operated in one of two positions, depending on the flight mode of 
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Diagram of the landing radar antenna. (NASA) 


the LM. Throughout most of the descent, the LM was flying on its back, with the 
crew looking up into a black sky. In this mode, the landing radar antenna was in its 
‘descent’ position, angled 24 degrees from the LM’s vertical axis. For the final phase 
of the landing after pitch-over, when the LM adopted a more upright attitude, the 
landing radar moved to its ‘hover’ position to aim in a direction parallel to the 
spacecraft’s x axis and therefore pointing more or less straight down. 


DOI with the LM 

For Apollo 10’s rehearsal and for the first two landings, the CSM remained in its 
110-kilometre orbit, leaving the LM to enter the descent orbit itself with a DOI burn. 
On Apollo 11, this was a 30-second burn, 15 seconds with 10 per cent throttle and 
the remainder with the throttle set to 40 per cent. Having a period of time at a low 
thrust setting allowed the gimbal mechanism on which the descent engine was 
mounted, to align the engine’s thrust with the spacecraft’s centre of mass. This DOI 
burn was carried out around the far side, 180 degrees from the desired perilune point, 
and was a retrograde burn — one that went against their direction of travel. 


LM abort modes 

In the continuing spirit of NASA’s defence-in-depth philosophy, a series of PADs 
were read up to the crew that not only told them exactly when they were going to 
start their descent to the surface, but also what to do in the event of an abort being 
necessary at various times before, during and after the descent — in case the radio link 
were to fail and prevent the provision of the information at the time of the 
energency. As the programme progressed and planners made their procedures more 
elaborate, these PADs increased in complexity. All these PADs were based around a 
single event, powered descent initiation (PDI) which was the moment the main engine 
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Alan Bean working at the rear of the LM. In front of him hanging beneath the LM is 
the silvery antenna of the landing radar. (NASA) 


was ignited to start to slow the spacecraft and take it out of orbit and on to the 
surface. Some PADs told the crew what to do if the landing was aborted before PDI, 
others were relevant if PDI did not occur. Yet more had details of the burns to make 
if an abort were required during the descent — one relevant to the first six minutes, 
the other relevant to an abort between six minutes and touchdown. All these PADs 
were copied down by the LMP onto forms in the checklist. 

With all the preparations done, they were nearly ready to go to the Moon and 
pick up some rocks. 


10 


Next stop: the Moon 


“GO FOR THE PRO”: THE LANDING BEGINS 


By July of 1969, NASA had done about as much as they could to prepare for the 
Moon landing. On the flight of Apollo 10 two months earlier, Tom Stafford and 
Eugene Cernan had taken their LM Snoopy into the descent orbit but had gone no 
further before returning to John Young in the CSM Charlie Brown. 

Where Snoopy had feared to wander, Eagle swooped in. Although the first 
landing attempt, flown by Neil Armstrong and Buzz Aldrin, would be ultimately 
successful, it was by no means a straightforward descent. Landing on the Moon 
was a 12-minute rocket ride from orbit with a starting speed of nearly 6,000 
kilometres per hour leading to a gentle touchdown on a terrain where no prepared 
ground awaited the LM. In that short time, a plethora of problems were served up 
to the crew of Eagle that would have curled the toes of everyone involved had it 
merely been a simulation. The fact that they all occurred on the actual landing 
attempt in full view of the world, yet were successfully handled by the mission 
control team and the crew, is testament to their professionalism, and to the power 
of exhaustive simulation as a means of properly preparing people for the challenges 
they may face. 


Programs and phases 

Planners broke the descent into three parts with each controlled by a dedicated 
program in the computer. The first was the braking phase, when most of the 
spacecraft’s orbital speed was countered by the thrust of the descent engine. This 
was the domain of Program 63 which began 10 minutes before the powered 
descent. It included the engine’s ignition and continued for the first nine minutes or 
so of the nominally 12-minute burn while the computer worked to take the crew to 
a point in space known as high gate, typically 2,200 metres in altitude and about 
seven kilometres from the landing site. At the start of the braking phase, the LM 
flew with its engine pointing against the direction of travel. Then as the burn 
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Diagram to show how Program 63 began nearly 1,000 kilometres before PDI. 


progressed, the spacecraft gradually tilted a little more upright. At high gate, P64 
took over. 

P64 handled the approach phase of the descent. When the program assumed 
control, its first action was to pitch the LM further towards an upright attitude in 
order to enable the crew to see the landscape ahead. The point to which the 
computer was taking them was just on the near side of the horizon. They then flew in 
a manner roughly similar to a helicopter, but with the LM carefully balanced on top 
of the engine’s exhaust with the computer still in full control of where it was going. 
P64 included a method of informing the commander of where the computer was 
taking them, but if he deemed this to be unsuitable, then with a nudge of his controls 
he could instruct the computer to move the aim point. P64 was targeted to take the 
LM to a point about 30 metres above the surface and about five metres from the 
landing site. Prior to reaching this point, the crew would reach Jow gate, about 200 
metres altitude and 600 metres short of landing. 

As low gate approached, the commander was faced with a range of options. If he 
was completely satisfied with the job the computer was doing, he could allow it to 
automatically move on to P65, which could complete the landing. No commander 
ever allowed that, although it is said that Jim Lovell had intended to if Apollo 13 had 
reached this point. These competitive ex-test pilots, many of them experienced at 
landing on aircraft carriers, were happier to have some degree of control and steer 
the LM, and they all selected P66 before reaching low gate. P66 continuously 
throttled the engine to control their rate of descent, and the commander could adjust 
this rate as conditions warranted. At the same time, he assumed manual control of 
the LM’s attitude, which allowed him to steer the ship to a site of his own choosing. 
One other program, P67, was available to the commander, which gave him full 
manual control of the spacecraft, both the attitude and the throttle setting, but this 
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option was never used. Both P65 and P67 were dropped from later versions of the 
LM software. 


AOS 

Apollo 11’s troubles began as they came around the Moon’s eastern limb. There had 
been a major change to the configuration of the lunar module since Apollo 10 had 
rehearsed the descent orbit. Plume deflectors had been added around the descent 
stage to protect it from the blast of hot gas from the RCS thrusters and these were 
now interfering with the radiation pattern of the steerable high-gain antenna. Worse, 
Armstrong was flying with the windows facing the Moon to gain timings relating to 
his orbit. This meant that the steerable antenna had to peer past the LM structure. 
The diagrams that indicated the resultant restrictions and which angles the steerable 
antenna could use were in error. At acquisition of signal after Eagle had entered the 
descent orbit, mission control found that not only did this interference make voice 
communication with the crew difficult, it interrupted the engineering telemetry with 
which flight controllers would soon make a decision on whether to proceed with the 
landing. 

To try and alleviate the problem, Charlie Duke in mission control passed on a 
recommendation from Pete Conrad, who was sitting close by, that they yaw the LM 
right by 10 degrees. Enough data did get through for the Go/no-Go decision to be 
made positively, though in the event, it had to be relayed via Mike Collins in the 
command module. 


A blob of solder 

While Alan Shepard and Ed Mitchell were activating Antares on Apollo 14, flight 
controllers noticed that a single digital bit they were monitoring was being 
intermittently set. This bit reflected the state of the Abort pushbutton and appeared 
to indicate the button had been pushed, which it had not. Fred Haise, the Capcom, 
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passed on the news to the crew: “Antares, we’re showing the abort bit set, and we’re 
working on a procedure to reset it.” 

“Okay. That'll be great, thank you,” said Mitchell. ‘““We’re pressing on with the 
DPS pressurisation.” 

A few minutes later as mission control watched telemetry, Haise asked Mitchell to 
help with a little troubleshooting. ““We’d like to do a Verb 11, Noun 10, Enter; 30 
Enter; and look at that bit again.” 

This dialogue with the computer asked it to display a digital word which included 
the suspect bit on the DSKY. The crew now had a visual indication of which way the 
bit in question was set. 

“While we’ve got that display up, Ed,” said Haise, “‘could you tap on the panel 
around the Abort pushbutton and see if we can shake something loose?” 

Mitchell tapped around the pushbutton and quickly saw how the bit’s state 
responded. ‘Yes, Houston, it just changed while I was tapping there.” 

“You sure tap nicely,” said Haise. 

“T’m pretty good at that,” replied Mitchell. 

Without a LM to disassemble after the mission, engineers managed to work out 
that the problem was a short circuit caused by a metallic object that had been 
inadvertently sealed within the Abort pushbutton itself on its manufacture. This, and 
the similar problem that beset Apollo 15’s SPS, meant that NASA and _ its 
contractors began to x-ray all their switches for internal contamination. 

Apollo 14’s problem was that if the bit were to be set at the moment of PDI, then 
instead of commencing the descent, the computer would use the DPS to abort the 
mission and return to a safe orbit. As Antares passed around the Moon’s far side, a 
team from MIT led by Don Eyles figured out a workaround. It required Mitchell to 
feed instructions to the computer just before ignition so that PDI could occur 
automatically and the abort bit would be ignored. The procedure also required them 
to manually raise the engine’s thrust to maximum at 26 seconds, and then punch in 
more instructions to allow P63 to continue with the bit being ignored. Mitchell 
managed to enter all the verbs, nouns and values as required, saving a $500 million 
mission from what was probably no more than a rogue blob of solder. 


Go for PDI 
When FIDO, the flight dynamics officer, had planned the DOI manoeuvre, he 
arranged for the resultant descent orbit to have a perilune of about 15,000 metres 
altitude over a point on the Moon 500 kilometres uprange of the landing site, this 
being where the descent to the surface would begin. As the LM coasted towards this 
point, with all the required checks completed, the flight director spoke over his 
communication loop to all the flight controllers in the MOCR, briefly interrogating 
each relevant controller as to whether, as far as his area of responsibility was 
concerned, he was happy for the mission to proceed to the next stage — powered 
descent initiation (PDI). 

Ten minutes prior to PDI, the commander started P63 running in the LM’s 
computer, which would handle the start of the burn and most of the subsequent 
descent. 
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“Okay. Master arm’s on,” said David Scott with less than a minute to go to PDI 
in Apollo 15’s LM Falcon. “T have two lights.” Explosively operated valves were 
ready to fire and let supercritical helium enter the propellant tanks. 

“Average g,”’ said Scott as the DSKY blanked, showing that the guidance system, 
the PGNS, had begun to measure the acceleration acting on the spacecraft and that 
it would average out the short-term transients that might be associated with engine 
startup. “Armed the descent [engine]. We have guidance.” 

“Standing by for ullage,” said Irwin. 

“Standing by for ullage,” repeated Scott, in the conventional challenge-and- 
response manner of those steeped in aviation. The thrusters that pointed in the same 
direction as the main engine (against the direction of travel) were burned for a short 
period to settle the heavy propellants to the bottom of their tanks so that, on 
ignition, the light helium gas would be at the opposite end of the tank from the 
plumbing that led to the engine. 

“Go for the Pro,” said Scott. Then, “‘Pro,”’ as he pressed the ‘Proceed’ button on 
the computer to give P63 permission to proceed with ignition and the commence- 
ment of the braking phase of the descent. 


SLOWING DOWN: P63 
“Tgnition,’ announced Armstrong to Aldrin as Apollo 11’s LM Eagle began the 
human species’ first descent to another world. 

“Ignition,” repeated Aldrin. “Ten per cent.” 

On all the missions, at PDI the DPS engine was initially run at only 10 per cent of 
its maximum thrust for 26 seconds to give the computer enough time to sense 
whether the engine’s thrust was acting through the LM’s centre of mass, and if it was 
not, to move its supporting gimbals until it was. This ability to vector the thrust was 
not intended to steer the craft. It was too slow for that. Steering was provided by the 
RCS thrusters which altered the attitude of the entire craft to aim the thrust, leaving 
the engine’s gimbals to deal with longer-term centre-of-mass shifts. 

Aldrin counted up to the end of the low-thrust phase. “24, 25, 26. Throttle up. 
Looks good!” Propellants poured into the engine as it went to its high-thrust 
setting. 

Starting with Apollo 12, engineers added a modification to the computer’s 
programming to achieve pinpoint landings. As soon as Intrepid came around the 
Moon’s limb prior to landing, its velocity was compared with what would be ideal to 
achieve a pinpoint landing. From this, engineers could calculate the difference 
between where they wanted to land and where the computer, which believed it was 
on the right course and unaware of external factors which had perturbed its path, 
was actually taking them. 

“Intrepid, Houston,” called Capcom Gerry Carr only 80 seconds into Apollo 12’s 
powered descent. ““Noun 69, plus 04200. Over.” 

“Roger. Copy. Plus 04200,” confirmed Bean. 

This was the important call that ensured that the LM would land where it was 


290 Next stop: the Moon 


supposed to, and it was extremely dangerous. Noun 69 held three values that 
represented an update to the position of the landing site in three dimensions. 
Changing one of those values by + 4,200 feet (1,280 metres) shifted the computer’s 
idea of where they should land to a point further downrange, thereby fooling it into 
taking them where they wanted to go. When the crew had punched the number into 
the DSK Y’s register, mission control took a look at the telemetry to verify they had 
done so correctly before confirming that they could ‘enter’ it into memory. Had the 
crew inadvertently entered the wrong data, they could easily have sent the LM out of 
control and been obliged to abort. 

“Intrepid, Houston. Go for Enter,” said Carr once he had received word from 
other flight controllers that the crew had typed the update into the correct field. 

“It’s in, babe,” said Bean. 

“Intrepid, Houston. Looking 
good at two,” replied Carr as they 
passed the 2-minute mark into the 
burn. 

Throughout P63’s regime, the 
DPS engine had to fire more or less 
into the direction of travel, especially 
during the initial minutes. As long as 
it did so, the LM could make 
rotational manoeuvres around the 
engine’s axis. On Apollo 11, the first 
few minutes of powered descent were 
flown with the windows, and there- 
fore the crew, facing towards the 
surface. Armstrong had a method of 
using the angle markings on his 

ae = window to time the passing of land- 
” S marks below. Before ignition, it had 
‘ . given him a check of what their 

y perilune altitude was going to be. 

\ This used the fact that the closer you 
orbit a body, the faster the landscape 

Turn | below appears to pass by. Then after 
around: 
the commencement of powered des- 
cent, he could compare the absolute 
time a landmark passed with a 
predicted time. Since they were 
travelling at about 1.5 kilometres a 
second, only a few seconds early or 
late signalled the extent of any miss. 
It was a simple but powerful techni- 
Diagram of Apollo 12’s manoeuvres between que. 
DOI and PDI. “Looking good to us,’ Capcom 
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Charlie Duke informed Apollo 11. “You're still looking good at three. Coming up, 
three minutes.” 

“Okay, we went by the three-minute point early,” said Armstrong. ““We’re long.” 
He was right, because they landed six kilometres further down-range from where 
they had planned. 

Conrad dispensed with the idea of having the windows looking down at the start 
of PDI on Apollo 12 since they had other techniques in the wings to determine their 
approach errors. As soon as they entered the descent orbit over the far side, he 
placed the LM into the correct windows-up attitude for PDI. As this was an inertial 
attitude, set with respect to the stars, it was not concerned with the position of the 
Moon, so a windows-up, engine-first attitude over the near side of the Moon was a 
windows-down, engine-trailing attitude over the far side, as Pete Conrad explained: 
“From that inertial attitude, we watched ourselves pass from face down, through 
local horizontal [i.e. feet down, facing forward], to pitch up at PDI. It gave us an 
excellent look at the Moon going around.” It also gave their steerable antenna a 
clear view of Earth from AOS right through to landing. 


Getting the height right 

The spacecraft’s design had assumed that the windows would face forward during 
the final approach to give the crew a view of their landing site, and that it would 
pitch into this attitude from a windows-up attitude. If the windows were facing up, 
and the landing radar had to face downwards, then its antenna had to be mounted 
on the base of the descent stage on the side opposite the windows. 

“Intrepid, Houston,” called Carr to Conrad and Bean. ““You’re looking good at 
three [minutes].” 

“Okay, Houston,” replied Conrad. He was waiting for two indicator lights on the 
DSKY to go out, which would mean that the landing radar was producing valid 
measurements of their altitude and horizontal velocity. “I have an altitude light out; 
and I have a velocity light out.” 

“Roger.” 

Conrad then looked at the DSK Y’s display for a number. “I’m showing minus 
918. Minus 1,000. Looks good. How’s it look to you, Houston?” 

The number, called ‘delta-H’ was telling him that their height, as measured by the 
landing radar was 1,000 feet or 300 metres lower than the computer’s estimation 
based on its knowledge of their orbit. 

“Roger; it looks good. Recommend you incorporate it,”’ said Carr as the flight 
controllers passed on their wisdom. 

“No sooner said than done. Let me know when it converges. I’m going back to 
my normal displays.” With this declaration that the radar’s height measurement was 
reasonable, Conrad commanded the computer to accept the radar data, compare it 
to its current estimation of their height and rate of descent, then attempt to fly a 
compromise between the two. Having done so, it then revised their trajectory to high 
gate and repeated the cycle until its estimation of their height converged with the 
data coming from the radar. This gradually folded the new data into the flight path 
without causing a sudden transient. The delta-H figure on Apollo 12 was small — 


292 Next stop: the Moon 


radar and computer were almost in agreement. Had the radar shown them to be 
10,000 feet or 3,000 metres higher than the computer believed them to be, an abort 
would have been called for because they would have run out of fuel before reaching 
high gate. 


Balky radar 

Having just dealt with a shorted abort switch, Apollo 14 ran into more technical 
problems when they reached a point where they expected the landing radar to begin 
feeding data to the computer. Typically, crews expected the all-important radar to be 
working by 10,000 metres altitude, but as Antares passed this point, the computer 
was still receiving no radar data from the antenna. 

“Come on radar,” implored Ed Mitchell, the LMP, but the two lights on the 
DSKY stayed stubbornly illuminated. ‘““Come on radar!’ 

A minute passed and Fred Haise in Houston informed them of when they could 
expect P63 to begin throttling the engine. “Okay, 6 plus 40 is throttle down, 
Antares.” 

“Roger, Houston,” said Mitchell. ‘““We still have altitude and velocity lights.” 

By 7,000 metres, there was still no valid data coming from the landing radar and 
the two crewmen frantically tried to make it work, knowing that if they still had no 
success by 3,000 metres, they were bound to abort the mission, separate the ascent 
stage, and return to the CSM. 

‘Antares, Houston,” said Haise. “We'd like you to cycle the landing radar 
breaker.” 

Mitchell pulled one of the little aviation-type circuit breakers to remove power 
from the radar, then pushed it in again. Quite often in electronics, a power-down, 
power-up cycle is all that is required to clear an abnormal operating condition and 
the earlier manual patch to the computer to deal with the abort switch short had 
created such a state. ‘““Okay,”’ said Shepard. “Been cycled.” 

“Come on in!”’ Mitchell urged, then, “Okay!” as the lights went out and the radar 
began to function normally at only 5,500 metres. ““How’s it look, Houston?” called 
Shepard. 

Shepard, at 47, was the oldest of the Moon-bound crews and the only Mercury 
astronaut to go to the Moon. Many have wondered whether he would have 
attempted a landing without the radar. Most believe that if he had tried, the narrow 
margins of propellant would have obliged him to abort further down. 

In contrast to Apollo 14’s late acquisition of radar data, Young and Duke got a 
pleasant surprise when Orion’s landing radar began to deliver data much earlier than 
expected on Apollo 16. Compared to the other landing flights, Orion’s descent began 
at a much higher altitude — over 20,000 metres, probably due to some over- 
compensation made for the influence of the mascons on Apollo 15. They were then 
surprised when their landing radar started to work while they were still 15,000 metres 
or 50,000 feet up, which was 50 per cent higher than expected. 

“Look at that!’ exclaimed Young. ‘“‘Altitude and velocity lights are out at 50k!” 

“Isn’t that amazing,” agreed Duke. 

“Look at that data, Houston,” said Young. ‘““When do you want to accept it?” 
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“Okay, you have a Go to accept,” said Jim Irwin once the flight controllers had 
passed on their agreement. 
“Okay,” replied Duke. “It’s in.” 


Program alarms: part I 

Apollo 11’s descent to the surface was, by far, the most challenging of all the 
missions because it was the first; and being the first, it tested procedures and systems 
that could not otherwise be exercised. Some were found to be wanting, because soon 
after Eagle had yawed around and the landing radar had begun to feed data to the 
computer, Armstrong made an urgent call. 

“Program alarm.” 

“It’s looking good to us,” said Duke in the Capcom seat, relaying a judgement on 
the data coming from the landing radar. 

“It’s a 1202,” said Armstrong to inform Houston of the code that had come up on 
their DSKY. “What is it?” he asked Aldrin. It was an error code from deep in the 
executive software, but neither of them had the foggiest notion what it meant. “‘Let’s 
incorporate,” he added, having heard Duke’s advice that the landing radar data was 
good. “Give us a reading on the 1202 program alarm,” Armstrong called to Houston 
some 15 seconds after the alarm had occurred. 

The Guido flight controller, Steve Bales, was responsible for the LM’s guidance. 
He and his back room team knew the LM’s programming well, and did know what 
the alarm meant. The computer was reporting that it was overloaded, but Bales 
could tell from his telemetry that it was managing its primary tasks. So long as the 
error did not become continuous, it would be able to cope. Armstrong was told that 
he should continue the powered descent. 


Throttle down 
Six minutes into Apollo 11’s descent, Duke came up with a time for the crew. ‘Six 
plus 25, throttle down.” 

“Roger. Copy,” said Aldrin. 

“Six plus 25,” reiterated Armstrong. 

Houston had calculated that they could expect the engine to start to throttle 6 
minutes 25 seconds into the descent. It was part of a clever strategy that engineers 
had come up with to work around the engine’s forbidden throttle settings in its high 
thrust range. They arranged that P63 should compute a course to a spot 4.5 
kilometres short of the landing site. In some cases, strangely enough, this point could 
be below the surface but this didn’t matter since P63 never took the LM anywhere 
near it. This profile had been chosen to achieve two goals. First, it protected the 
engine from the erosion that would result from the forbidden throttle settings. 
Second, it yielded nearly optimal efficiency. The profile called for an initial thrust 
level that was higher than the engine could achieve, to which the engine responded 
with its constant high thrust setting — that is, 92.5 per cent of maximum, referred to 
as the fixed throttle position. For about 6.5 minutes of the burn, the spacecraft 
continued to lose speed and gently arc towards the surface while the engine 
continued in its high thrust setting. Eventually, the thrust required to achieve the 
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profile fell below 57 per cent of maximum whereupon the program’s logic permitted 
the engine to move into its allowable throttle range which lay between 65 and 10 per 
cent of maximum. For the remaining 2.5 minutes of P63’s work, the computer could 
control the throttle and adjust it as necessary to compensate for any errors and drive 
the spacecraft’s trajectory towards an optimal flight path. 

“Wow! Throttle down,” called Aldrin, joyfully. 

“Throttle down on time,” said Armstrong. 

“Roger,” said Duke. “We copy throttle down.” 

“You can feel it in here when it throttles down,” noted Aldrin. “Better than the 
simulator.’’ The crews had intensively simulated the descent, but the one thing the 
simulators could not provide was the g-force provided by the engine. 


Gauging the propellant 

In view of the severe weight restrictions imposed on the LM, and given that 
propellant was a major fraction of the spacecraft’s weight, typically about 70 per 
cent, it was vital that the tanks, which were somewhat larger than they were required 
to be, were loaded with only as much fuel and oxidiser as would ensure a safe 
landing. It was equally vital that a system be in place that would allow the crew and 
flight controllers to monitor the remaining quantity, especially because the levels 
would get low just when the commander was likely to be hovering, looking for a safe 
place to set down. 

The tanks of the DPS had two independent systems for measuring propellant 
quantity, either of which could be monitored by a gauge in the cabin and both of 
which could be monitored from Earth. As the descent progressed, flight controllers 
closely watched how each system responded to the falling propellant levels and 
decided which one seemed to be more trustworthy and appropriate for the crew to 
monitor. 

‘Eagle, Houston,” said Duke from his Capcom seat. “It’s ‘Descent two’ fuel to 
monitor. Over.” 

“Going to two,” replied Armstrong. ““Coming up on eight minutes.” 


“HEY, THERE IT IS!”: PITCHOVER AND P64 


After about nine minutes, when P63 had delivered the LM to high gate, typically 
only 2,200 metres up and 7.5 kilometres from landing, control was passed to 
Program 64, whose role it was to guide the LM through the approach phase to a 
point just above the landing site. Many aspects of the descent changed at this point. 
In particular, P64 did not continue the effort by P63 to reach a point below the 
surface. Prior to high gate, the crew’s windows had been facing into space, so one of 
P64’s first actions was to give the crew a chance to see where it was taking them. It 
fired the RCS thrusters to pitch the spacecraft forward sufficiently to enable the crew 
to view the horizon ahead — a manoeuvre called pitchover. This change in attitude 
with respect to the ground meant that the antenna for the landing radar had to rotate 
to its second position so as to continue to face roughly downwards. Meanwhile, P64 
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continually rode the engine’s throttle setting to aim for a point 30 metres above and 
five metres short of where it thought the final landing site was located. 

As Pete Conrad waited for P64 to begin, he strained at his window to look for a 
familiar pattern of craters towards which he had trained to fly. Careful correlation 
of photographs taken two years earlier by a Lunar Orbiter mission with surface 
pictures taken by the Surveyor 3 unmanned spacecraft had shown that it had 
landed within a 200-metre-diameter crater that formed the torso of a distinctive 
pattern of five craters known as the Snowman. Planners had decided that this 
would make a good target to prove the pinpoint landing capabilities of the Apollo 
system. 

“Standing by for P64,” he told Al Bean standing beside him. ‘I’m trying to cheat 
and look out there. I think I see my crater.’’ He was the shortest of the astronauts, 
and was straining against the harness restraint to see the lunar surface in the bottom 
corner of his triangular window. He had not yet seen his crater. 

“Coming through 7,” said Bean as they passed 7,000 feet or 2,150 metres. “P64 
Pete.” 

“P64,”’ confirmed Conrad. 

“Pitching over,” said Bean as the LM began to tip forward. 

“That’s it; there’s LPD,” said Conrad as he brought up the angle display of the 
landing point designator. 


Landing point designator — a head-up display 

In the LPD, the engineers had devised a simple but powerful and ingenious way to 
tell the commander where P64 was taking them. It was as basic a device as you could 
hope to find in a high-tech spacecraft, though its operation depended on what was 
then one of the world’s most sophisticated small computers. It consisted of nothing 
more than vertical lines carefully scribed onto the inner and outer panes of the 
commander’s forward-facing window. 

The lines calibrated the commander’s line of sight, as measured from a line 
directly forwards from his eye, downwards in degrees. To use it properly, he merely 
positioned himself in such a way that the two sets of lines were perfectly 
superimposed, which meant that he was in the proper position and their sight lines 
were valid. As the computer flew the LM to a landing, it displayed an angle on the 
DSKY that represented the line of sight to the expected landing site. The commander 
looked past the markings towards the surface and noted the terrain in front of him 
that coincided with the stated angle. That, at least, defined a downrange coordinate. 
Simultaneously, the computer would yaw the LM left or right so the line itself 
defined a lateral coordinate. The combination of the two pointed to the designated 
landing site. This lightweight but elegant solution also allowed him to redesignate the 
landing site by nudging his hand controller left, right, back or forward, and P64 
would then aim the LM for the new target. 

Immediately Conrad had his angle, he looked out his window to see where it was 
aimed. “‘Hey, there it is!”’ he called excitedly as he recognised an arc of craters and, 
just before them, the Snowman. “There it is! Son-of-a-Gun! Right down the middle 
of the road!” 
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The commander’s window in a LM simulator with the LPD scribe marks clearly visible 
on the window panes. (Courtesy Frank O’Brien) 


“Outstanding!” said Bean who then began feeding LPD angles to his commander. 
“42 degrees, Pete.” 

“Hey, it’s targeted right for the centre of the crater 
believe it!” 

““Amazing!”’ agreed Bean. “Fantastic! 42 degrees, babe.” 

After the mission, Conrad talked about this moment when their plans for an 
accurate landing came good. “For the first couple of seconds, I had no recognition of 
where we were, although the visibility was excellent. It was almost like a black-and- 
white painting. The shadows were extremely black, illustrating the craters; and, all of 
a sudden, when I oriented myself down about the 40-degree line in the LPD, our five- 
crater chain and the Snowman stood out like a sore thumb.” 


">? 


enthused Conrad. “I can’t 


Threading the peaks 

Whereas the first three landings had been on open, if rugged sites, the approach 

taken by Falcon on Apollo 15 took the LM between a pair of mountains. This made 

the experience of landing somewhat different, especially during P64’s regime. 
‘Falcon, Houston,” said Ed Mitchell in mission control. ““We expect you may be a 

little south of the site; 3,000 feet.’’ By that, he meant that their flight path, travelling 
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Be /: 


Apollo 15’s flight path from the east threaded between two huge mountains on either 
side of the landing site. (NASA) 


east to west, seemed to be taking them to a point one kilometre south of their 
intended target. When they started P64, Scott would have to steer to the right to get 
them back on track. 

“Okay. Coming up on 8,000,” said Irwin as they passed 2,500 metres altitude. 
Even before P64, he had begun to concentrate on keeping his commander up to date. 
This was one of two events that biased Scott’s estimation of where they were going to 
land. The other concerned what he and Irwin saw out to the left prior to P64. “I 
looked out the window, and I could see Mount Hadley Delta. We seemed to be 
floating across Hadley Delta and my impression at the time was that we were way 
long because I could see the mountain out the window and we were still probably 
10,000 to 11,000 feet high.” Scott then approached pitchover thinking he was going 
to land long and south, which was worrying because several kilometres to the west of 
the intended landing point was Hadley Rille, and he didn’t want to come down in its 
canyon. Actually, they were at about 2,750 metres, and the 3,350-metre mountain 
was towering 600 metres above them. 

In later years, Irwin discussed the moment of pitchover. ‘““We’re not looking down 
as we come over the mountains,” he chuckled. ““We’re looking straight up until we 
get down to around 6,000 feet [1,800 metres] and we pitch forward about 30 degrees 
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and, at that point, we could look forward and see where we were. We could see the 
mountains. I was startled because, out the window, I could see Mount Hadley Delta 
which towered about 6,000 or 7,000 feet above us. And we never had that type of 
presentation in the simulator.’ Landing simulations had used a small TV camera 
flying over a plaster model of the surface to present the crew with the view they 
would get out of their windows. It included the impressive rille that would be in front 
of them, but not the mountains to either side of the approach track. 

“When we pitched over,” continued Irwin, “I could see the mountain that 
towered above us out Dave’s window. I’m sure it startled Dave, too, because we 
wanted to know, you know, were we coming in to the right place? Fortunately, the 
rille was there and it was such a beautiful landmark that we knew we were coming in 
to the right area. But we’d never had that side view in any of our simulations. It was 
just the front view, a level plain with the canyon. And it would have been very 
impressive to be able to look out as we were skimming over the mountains with 
about 6,000-foot terrain clearance. At that speed it would have been really 
spectacular, like a low-level pass as we came over the mountains down into the 
valley.” 

“7,000 feet. P64!’ called Irwin as they passed 2,150 metres altitude. 

“Okay,” said Scott. 

“We have LPD,” said Irwin as an angle appeared on the DSKY. 

Scott finally saw where he was going. His impression of landing long had been 
wrong, but mission control’s southerly estimation was correct. ““LPD. Coming 
right,” he said as he began a series of redesignations to move the computer’s 
targeting north to where they had planned to touch down. 

To deal with the mountainous terrain around the Hadley landing site, planners 
had made a change to the approach phase of the descent. Instead of making a 
shallow approach of only about a 12-degree angle to the ground as the previous 
missions had done, Falcon came in on a much steeper 25-degree approach path. 

“Four-zero,” called Irwin as he began feeding Scott with constant updates of the 
LPD angle on the window and their altitude. 

“5,000 feet. 39. 39. 38. 39.” 

“4,000 feet. 40. 41. 45. 47. 52.” 

“3,000 feet. 52. 52. 51. 50. 47. 47.” 

“2,000 feet. 42.” 

“Okay. I got a good spot,” said Scott once he had decided where he was going to 
set it down. 


Looking out of the window 

Responsibilities in the LM were tightly defined, especially during the approach and 
final phase. The commander wanted to keep his eyes out of the window, watching 
where the spacecraft was going. The LMP, on the other hand, generally had to keep 
his attention inside the cabin. His responsibility was to vocally feed the relevant 
information the commander would require at a given point in the descent. The 
details of this were worked out by each crew individually over the months of training 
and simulation. 
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As Orion descended, Charlie Duke managed to steal a little time looking out at 
the landing site as they reached P64. 

“Pitchover,” he shouted. “Hey, there it is. Gator, Lone Star. Right on!’ These 
were craters around the landing site that he and Young had named when drawing up 
their map. Being on the right side of the westward-flying spacecraft, he was able to 
see the northern half of the site. 

“Call me the things, Charlie,” said Young, bringing Duke’s attention back into 
the cabin to call out the LPD angles. 

“Okay. 40, 38 degrees.” 

Young was delighted with the way the LPD worked, as he recounted after the 
mission. “I think the LPD was perfect. I don’t have any gripes there whatsoever. 
When we pitched over, we were north and long and you could see that. I was just 
letting the LM float in there until I could see where it was going.” 

As they came in, Duke took further opportunities to glance outside where he 
recognised more craters. ““Palmetto and Dot; North Ray,” he called out to Young. 
“Looks like we’re going to be able to make it, John. There’s not too many blocks up 
there.”’ He was thinking about how easy it would be for Young to drive the lunar 
rover around the site. It had not been possible to infer this from the limited orbital 
imagery. 


Program alarms: part II 

Apollo 11 had already had a brief encounter with the computer throwing out 
program alarms during the braking phase. As Armstrong and Aldrin brought Eagle 
through the approach phase, the computer began to play up again. 

“Eagle, Houston. You’re Go for landing,” said Duke in the Capcom chair. 

“Roger. Understand. Go for landing. 3,000 feet,’ returned Aldrin, as they passed 
1,000 metres altitude. 

“Copy,” said Duke. 

Just then, Aldrin called, “Program alarm. 1201.” 

“1201,” repeated Armstrong, then to Aldrin, “Okay, 2,000 at 50.” They were 
700 metres up, still flying forward and descending at 15 metres per second. The 
program alarm was distracting both crewmen from their practised tasks, with 
Armstrong looking at the DSKY for information instead of looking out of the 
window. 

Jack Garman was part of Bales’ backroom team watching over the guidance 
equipment. When the first alarm occurred, he had looked at a hand-written list of 
codes which told him what they all meant. Like Bales, he was spring-loaded to 
respond to these alarms, if they happened. Garman later described the moment when 
the second alarm appeared and how he passed on his opinion of the alarm code. 

“When it occurred again a few minutes later, I remember distinctly yelling — by 
this time yelling, you know, in the loop here — ‘Same type!’ and [Bales] yells, ‘Same 
type!’ I could hear my voice echoing,” laughed Garman. “‘Then the Capcom says, 
‘Same type!’ Boom, boom, boom, going up. It was pretty funny.” 

“Give me an LPD,” asked Armstrong, his eyes back out of the window again. He 
wanted to know where the computer was taking them. 
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“Into the AGS, 47 degrees,’’ Aldrin was working the secondary computer, the 
abort guidance system, as well as feeding numbers to Armstrong. 

“47,” replied Armstrong. ““That’s not a bad looking area. 1,000 at 30 is good. 
What’s LPD?” he asked Aldrin again. Armstrong didn’t realise that the LPD was 
being interfered with by the propellant sloshing about in the tanks. As the great 
weights of liquid moved from side to side, they altered the LM’s attitude enough to 
set the RCS thrusters into excessive activity trying to correct it. The computer, with 
its 2-second cycle time could not keep up with the attitude excursions. 

“Eagle, looking great,” said Duke from mission control. “You're Go.” Then 
when another alarm appeared, he confirmed that the flight controllers were seeing it 
also. “Roger. 1202. We copy it.” 


Program alarms: the cause 

Over the decades, many stories have been told about why, when they already had 
enough to contend with just to land Eagle on the Moon, Armstrong and Aldrin 
found themselves dealing with what appeared to be a balky computer. The 
rendezvous radar became deeply implicated in the problem and stories abounded 
about whether or not it should have been powered at this point. Some said it was a 
procedural error, or a crew error. In fact, there was no problem with it being 
powered. It was the mode that it was in that was related to the actual problem. 

In the 2006 documentary Jn the Shadow of the Moon, Aldrin, who went by the 
nickname ‘Dr. Rendezvous’ by virtue of his thesis on the subject, saw it as a 
conflict between the checklist and his operational needs. “Being Dr. Rendezvous, 
... L was going to leave the rendezvous radar on and active so if we had to abort, it 
was on and working and we could reacquire Mike as soon as possible if we had to 
go up.” 

Probably the best account of the alarms is told by Don Eyles, then a young 
engineer at MIT who specialised in the new field of software. He was an integral part 
of the team who wrote the computer code for the landing. Given the close 
relationship the computer had with the spacecraft’s other systems, he knew a lot 
about them too. 

Eyles agrees with Aldrin. ““Many explanations have been offered for why the 
[rendezvous radar] was configured in this way for the lunar landing. For example, a 
fanciful scheme for monitoring the landing by comparing [radar] data to a chart of 
expected readings may have been considered by some people in Houston. However, 
a simpler explanation is sufficient to explain the facts: The [radar] was on for no 
other purpose than to be warmed up if there were an abort.” 

The tale of the program alarms that Eyles tells is quite nuanced. It centres on a 
little electrical funny associated with two of the LM’s major systems, the computer 
and the ATCA (attitude and translation control assembly). The latter mediated 
between the spacecraft’s controls and the computer. These systems synchronised 
themselves by way of 28V, 800 Hz AC signals which were meant to match in 
frequency, which they did. However, the relative phase of the signals was not defined 
and when the computer was powered up, which was after the ATCA had been 
powered, the phase angle between the two systems could be of any value. If it was 


‘Hey, there it is!”: pitchover and P64 301 


near 90° or 270°, there were odd consequences. In this condition, data about the 
pointing angle of the rendezvous radar would make no sense to the rest of the G&N 
system if it were in either its Slew or Auto modes (the third mode, ‘LGC’, was not 
implicated). The result of this circumstance was that counters in the computer were 
continuously being incremented or decremented, an operation that took up valuable 
cycles of processing time. Unfortunately, upon power-up, this was the situation that 
Eagle found itself in. 

During PDI, the computer was already very busy with all that it had to do to keep 
the LM on a safe flight path to landing. Every two seconds, it would run through its 
list of jobs. These included updating the state vector, controlling the LM’s attitude, 
controlling the descent engine’s throttle, adjusting the engine’s gimbals to maintain 
its aim through the centre of mass, and flying the desired trajectory to the surface. 
The extra cycles required to deal with the errant counters took the computer very 
near to the end of its available time before it ran out. 

What took it over the edge in the first instance was a task that Aldrin had to 
perform when he instructed the computer to display delta-H, the difference 
between what the computer thought their height was, and the accurate value 
determined by the landing radar. This task caused the computer to run out of time 
before it could complete all its allotted jobs, at which point it threw up an error 
code and performed a reset. Thankfully, the software had been written in such a 
way that, after each reset, it could pick up the threads of all the tasks it had been 
executing and then continue as if nothing had happened. This resilient approach to 
software writing is attributed to Hal Laning, another of the software engineers at 
MIT. 

The load on the computer increased again when P64 began to run. It had the 
additional task of calculating LPD angles for the commander and with the errant 
counters still eating up computer cycles, the time ran out once more. The crew were 
presented with their second series of alarms. Although the numerical error code was 
different, the guidance officers recognised it to be of the same basic type as the first, 
and therefore harmless so long as it did not become continuous. 

In 2004, Eyles summed up Laning’s achievement thus, ““When Hal Laning 
designed the Executive and Waitlist system in the mid 1960s, he made it up from 
whole cloth with no examples to guide him. The design is still valid today. [It] still 
represents the state of the art in real-time GN&C computers for spacecraft.” 

Since the computer was still doing its primary job flawlessly, despite the alarms, 
the crew returned to their roles; Armstrong looking out, and Aldrin keeping him 
abreast of the numbers. “35 degrees. 35 degrees. 750 [feet]. Coming down at 23 [feet 
per second].” 

“Okay.” 

“700 feet, 21 [feet per second] down, 33 degrees.” 

“Pretty rocky area,’ said Armstrong. The erratic LPD angle had swung by a 
huge amount to 33 degrees and it was indicating that they were heading towards an 
area just outside a large crater known informally as West Crater. It was so named 
because it was situated on the western end of the landing ellipse. It was common for 
the ejecta blanket around such a crater to include a scattering of large blocks. This 
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did not look like a place he wanted to set down. Armstrong never got to use the 
ability of P64 to redesignate his landing site. He was too preoccupied with 
computer alarms and by the inability of the LPD to give him a trustworthy idea of 
where the computer was aiming. Instead, he took control, made his decisions and 
carried them out. 


“PICKING UP SOME DUST”: P66 


“600 feet, down at 19.”’ Aldrin continued his litany of data while Armstrong weighed 
up his prospects. The computer was still behaving and otherwise the descent seemed 
to be going well. But he had to decide what to do about the blocky ejecta around 
West Crater. 

“Pm going to...” he told Aldrin, and assumed manual control of the LM’s 
attitude by changing to P66. He then pitched forward to an almost vertical attitude 
that allowed Eagle to maintain its horizontal speed and let him fly over the boulder 
field of West Crater. Once clear, he pitched the LM backwards again to resume 
cancelling the craft’s horizontal speed, and he searched for somewhere safe to bring 
it down. 

P66 looked after the LM’s vertical speed, also known as its rate of descent (ROD), 
by adjusting the throttle to maintain a desired value. The commander had a ROD 
switch that he could flick up or down momentarily to increase or reduce the rate of 
descent by fixed increments. At the same time, his hand controller let him adjust the 
vehicle’s attitude, which gave him control of horizontal speed, very much in the 
manner of a hovering helicopter. Tilt to the left and the engine would aim slightly to 
the right, pushing the LM towards the left. 

“100 feet, 3’%4 down, nine forward,” called Aldrin, “Five per cent. Quantity 
light,” he added. 

A light had come on to indicate that they had only 5.6 per cent of their propellant 
remaining. From pre-flight analysis, planners had decided that, from this point, they 
could fly safely for only another 114 seconds before they must either land the LM or 
abort. A 94-second countdown began in mission control that would lead to a call for 
the crew either to abort or land. If the commander felt he could get the ship down 
within the remaining 20 seconds, he could continue, otherwise he had to get out of 
there by punching the abort button. 

However, Apollo 11’s slosh problem had fooled them again. By triggering the 
quantity warning light early, it made them believe they had less propellant than was 
actually available and it came very near to causing an unnecessary abort. A set of 
fold-out baffles were retro-fitted to Apollo 12’s LM but they were not very effective. 
It wasn’t until Apollo 14 that the slosh problem was resolved. 


Tindallgrams 

The manner in which the team decided how to deal with this low-level quantity 
warning light taps into one of Apollo’s most interesting side stories, because it 
illustrates the management style of Howard Wilson (Bill) Tindall, one of the senior 
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engineers. He was an expert on the 
subtleties of rendezvous and trajec- 
tories, and became head of the 
Mission Planning and Analysis Divi- 
sion. In the hectic days that led up to 
Apollo’s successes, he coordinated 
the planning process that threaded 
together the disparate systems and 
people to create the bureaucratic 
edifice that was an Apollo mission. 
His method of decision making 
touched just about every facet of a 
flight, from the dumping of urine to 
the position of the Navy’s recovery 
force or any other thing that was 
intertwined with the trajectory, and 
he is considered by many to be a 
major reason for the success of the 
programme. 

There were two sides to his style. 
The first was the manner in which Howard W. Tindall, Head of NASA’s Mission 
he handled large meetings that Planning and Analysis Division. (NASA) 
involved engineers, programmers, 
mathematicians, crews or whoever in order to get this diverse mass of people to 
reach a decision — “‘knocking people’s heads together’, as one engineer described it. 
David Scott attended lots of these meetings and shares the admiration that many 
have for his abilities. “Tindall would control the debates in terms of giving people 
the opportunity to talk, and then mix and match and make the trades. Then he 
would make a decision and say, ‘I’m gonna recommend this to management. 
Anybody have any really strong objections?’ And the guy who lost the debate may 
say, ‘Yeah, it won’t work!’ And Tindall would say, ‘OK, fine. We’ll go this way and 
if it won’t work, we'll come back and re-address it, but we’ll make a decision 
today.’ They were good debates and anybody could stand up and debate the issue. 
But he kept it moving. He didn’t get bogged down because he himself was a 
brilliant engineer. I think Tindall was a real key to the success of Apollo because of 
how he brought people together and had them communicate in very complex 
issues. He was very good at it. He’d have them explain it, and in front of all their 
peers.” 

The second side to Tindall’s ability was in the extraordinary memos he wrote, now 
fondly called Tindallgrams. NASA often displayed the formal stuffiness of a 
government bureaucracy, yet the memos from this particular senior engineer not 
only showed how he tied the project’s final stages together, but they revealed a 
unique chatty, easy to understand style that historians thought was quite 
remarkable. For example, a memo that discussed the possible reasons for Apollo 
11’s overshoot had as its subject line, ‘Vent bent, descent lament!’ Another, written 
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before the Apollo 11 mission, concerned the LM’s low-level warning light, and was 
sent to a large list of addressees. It had this wonderful section: 

“T think this will amuse you. It’s something that came up the other day during a 
Descent Abort Mission Techniques meeting. 

“As you know, there is a light on the LM dashboard that comes on when there is 
about two minutes’ worth of propellant remaining in the DPS tanks with the engine 
operating at quarter thrust. This is to give the crew an indication of how much time 
they have left to perform the landing or to abort out of there. It complements the 
propellant gauges. The present LM weight and descent trajectory is such that this 
light will always come on prior to touchdown. This signal, it turns out, is connected 
to the master alarm — how about that! In other words, just at the most critical time in 
the most critical operation of a perfectly nominal lunar landing mission, the master 
alarm with all its lights, bells and whistles will go off. This sounds right lousy to me. 
In fact, Pete Conrad tells me he labelled it completely unacceptable four or five years 
ago, but he was probably just an ensign at the time and apparently no one paid any 
attention. If this is not fixed, I predict the first words uttered by the first astronaut to 
land on the moon will be ‘Gee whiz, that master alarm certainly startled me.” 

Sheer engineering magic. 


A barely stable throttle 

As if Apollo 11’s descent wasn’t exciting enough, later analysis demonstrated that 
Eagle’s software had harboured a problem that could have forced an abort. In fact, 
Apollo 12 flew with the same problem coded into its software. Alhough it was most 
prominent during the final few metres before touchdown, when the commander was 
flying in P66, it could have afflicted any phase of the descent. 

The story of the problem, as told by Don Eyles, came to light when an engineer, 
Clint Tillman, ran a simulation of a descent. Tillman worked for the LM’s 
manufacturer, Grumman. This gave him the ability to run his simulation using real 
hardware rather than having to mathematically model the operation of the engine. 
As a result, faulty assumptions in the model were avoided. 

Tillman noticed that the commanded thrust was varying in an apparently 
random, stepped fashion that came to be known as throttle castellation, after the 
similarity of its waveform to castle battlements. The variation was only slight but 
when Tillman dug into the stored telemetry readings from Apollo 11 and 12, he 
discovered that during P66 these variations were not only present, they were unduly 
large and hinted at some intrinsic instability in the system as a whole. One aspect of 
the problem was uncovered by Eyles’s colleague, Allan Klumpp. Known as IMU 
bob, it came about because the accelerometers at the centre of the IMU did not 
reside at the centre of mass of the LM. So when the LM underwent significant 
rotation, the IMU sensed a component of that rotation as being vehicle velocity, 
which it was not. When this fed into the thrust calculations, it caused a small degree 
of instability. 

A more profound cause of throttle castellation was related to the time taken for 
the descent engine to respond to commands to change thrust — so called ‘throttle lag’. 
As described by Eyles, the paperwork for the engine stated that its lag time was 0.3 
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seconds and it was his task to compensate for this in software. To determine the best 
compensation value to use, Eyles carried out simulations to model the performance 
of the engine. He saw how unstable the throttle command was with no 
compensation, then how compensating for 0.1 seconds helped a lot and how 
compensation for 0.2 seconds of lag essentially eliminated the instability. He 
therefore programmed the flight software with compensation for 0.2 seconds of 
throttle lag instead of 0.3 seconds. 

Now it turned out that the compensation was trying to hit a sweet spot and that 
overcompensation could also induce throttle instability. It also transpired that the 
documentation for the engine was wrong. The engine was still evolving and by the 
time it was installed in the LM, it could react to throttle commands in a mere 0.075 
seconds. It was later demonstrated that if Eyles had followed the paperwork and 
programmed for 0.3 seconds compensation, the throttle would have been wildly 
unstable. Any further source of instability; for example the IMU bob problem and 
the mission would have had to have been aborted. As it was, the first two flights to 
the Moon landed with throttles that were barely stable. 


“Contact light” 
“Okay,” continued Aldrin. “75 feet, and it’s looking good. Down a half, six 
forward.” They were 23 metres up and almost hovering. 

“Sixty seconds,”’ called Duke as mission control continued their countdown to the 
land-or-abort call. 

“60 feet, down 2%,” called Aldrin. ““Two forward. Two forward. That’s good.” 

Armstrong had found his spot and was taking the LM down. Like all the 
commanders, he wanted to land with the LM still moving gently forward so that he 
could always see where he was going. It was felt unwise to land going backward as it 
posed the risk of falling into a crater or striking a boulder that could not be seen. 

“40 feet, down 22,” said Aldrin. “Picking up some dust.” 

This was new. This was when the people in and around mission control realised 
that this was for real. No one had ever thought to mention it during the great many 
simulations they had run. The descent engine’s exhaust plume was blowing a 
substantial blanket of flying dust that wafted around the small stones scattered 
across the landing site. They were in a new environment and already discovering new 
things. 

Jack Garman later related the phenomenal impact Aldrin’s words had. ‘““We’d 
watched hundreds of landings in simulation, and they are very real.” Up to this 
point, and because he was used to the apparent reality of the simulations, Garman 
had not fully appreciated the fact that what was happening was no simulation. 

Then Aldrin mentioned the dust. ““And we’d never heard that before,” recalled 
Garman. “It’s one of those, ‘Oh, this is the real thing, isn’t it?’ I mean, you know it’s 
the real thing, but it’s going like clockwork, even with problems. We always had a 
problem during descent. A problem happens, you solve the problem, you go on, no 
sweat. Then Buzz Aldrin says, ‘We’ve got dust now.’ My god, this is the real thing. 
And you can’t do anything, of course. You’re just sitting down there. You’re a 
spectator now. Awesome. Awesome.” 


306 Next stop: the Moon 


On Apollo 15, as Falcon was being brought down onto the plain at Hadley, Scott 
thought the dust seemed completely enveloping. From his perspective, it was like 
flying in a fog. “At about 50 to 60 feet [15 to 18 metres], the total view outside was 
obscured by dust. It was completely IFR.’ Scott was comparing the experience to 
instrument flight rules, a mode of aircraft flying that pilots adopt when the weather 
closes in and restricts their visibility. He therefore had to take his attention from the 
view outside and use the displays in front of him. 

As Young brought Orion down the final few metres on Apollo 16, Duke talked 
him through the dust. 

“Okay, down at three [feet per second]. 50 feet, down at four.’’ They seemed to be 
dropping faster. “Give me one click up,” advised Duke. Young operated the ROD 
switch and temporarily found he was hovering above a blanket of flying dust. 
“Come on, let her down. You levelled off,” said Duke. “Let her on down. Okay, six 
per cent. Plenty fat.” They had no problem with propellant. 

“We did hover for a short period of time there,’’ commented Young after the 
flight, ‘“‘at about 40 feet [12 metres] off the ground, and the [horizontal velocity] 
rates were practically zero and there was blowing dust. You could still see the rocks 
all the way to the ground, the surface features, even the craters, which really 
surprised me.” 

As Young brought the LM down, he just barely missed a 25-metre crater and 
landed with Orion’s rear footpad right on its edge. It was only when he and Duke got 
outside and could see all around the LM that they realised how close they had come 
to being dangerously tilted over. 

“T’m glad you weren’t 10 feet [further back], said Duke. ““Whew me!” 

“We were going forward,” said Young, thankfully. 

“Yeah, we were landing going forward.” 

Back on Apollo 11, Armstrong was only 10 metres above the surface and Aldrin 
was still feeding him data. “Thirty feet, 2'% down.” By this time, and since 70 metres 
altitude, Aldrin could view the LM’s shadow when he glanced up as it moved across 
the landscape. Since they always landed with a low, morning Sun behind them, the 
approaching shadow could be a useful tool to help to judge the final few metres. 
However, Armstrong could not see it because he was flying with the LM yawed to 
the left and the way his window was heavily recessed severely limited his field of view 
to the right. 

“Four forward. Four forward,” continued Aldrin. “Drifting to the right a little. 
20 feet, down a half.” 

“Thirty seconds,” called Duke. For all their telemetry, the flight controllers 
simply did not have the situational awareness that the crew enjoyed. With only 30 
seconds remaining before the land-or-abort call, mission control was beginning to 
hold its collective breath. 

“Drifting forward just a little bit,” said Aldrin, coaching his commander down. 
“That’s good.” 

Just then, one of the probes attached to three of the LM’s footpads struck the 
surface and lit an indicator in the cabin. Their footpads were less than two metres 
above the surface. “Contact light,” called Aldrin. 
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Immediately, the pair began a rehearsed series of tasks to turn Eagle from a flying 
machine to a home on the Moon. 

“Shut down,” said Armstrong. 

“Okay. Engine stop,” replied Aldrin. 

By the time Armstrong got the engine stopped, they had already settled onto the 
surface. No harm came to the engine, but he was struck by the unexpected way the 
lunar dust behaved in the exhaust gases in front of him. In an interview 32 years 
later, he talked about this surprising phenomenon: “‘I was absolutely dumbfounded 
when I shut the engine off. They just raced out over the horizon and 
instantaneously disappeared, just like it had been shut off for a week. That was 
remarkable. I’d never seen that. I’d never seen anything like that. And logic says, 
yes, that’s the way it ought to be there, but I hadn’t thought about it and I was 
surprised.” 

On later flights, the commander was spring-loaded to stop the engine as soon as 
the probes touched the surface, particularly on the J-missions where the longer 
engine nozzle provided only 30 centimetres of clearance to level ground. 

“ACA out of detent,” was Aldrin’s next item, which referred to the controller in 
Armstrong’s hand. As they touched down, the LM adopted whatever attitude the 
surface dictated. However, the RCS thrusters were still busily firing in a futile 
attempt to restore their previous attitude. By moving the stick, known as the attitude 
control assembly (ACA) out of its central position, Armstrong made the system think 
that the current attitude was also the desired attitude, and thereby stopped the jets 
from firing. 

“Out of Detent. Auto,” said Armstrong. 

“Mode control, both auto. Descent engine command override, off. Engine arm, 
off. 413 is in.” Aldrin’s litany of checklist instructions ended with an entry into the 
AGS, their secondary guidance system. Aldrin was entering a number into address 
413 that told the machine they had landed and that it should take note of their 
current attitude in case they had to abort from it. The body-mounted gyros of the 
AGS were prone to drift and were unlikely to provide an accurate attitude by the 
time an abort might be called. 

“We copy you down, Eagle,” said Duke, spokesperson for an anxious mission 
control and a waiting Earth. Armstrong was not yet finished with the checklist. 

“Engine arm is off,’ he responded to Aldrin.” Then to the world, he announced, 
“Houston, Tranquillity Base here. The Eagle has landed.” 

Duke was caught by the moment and by Armstrong’s sudden change of call sign, 
despite having been forewarned. “Roger, Twan... Tranquillity. We copy you on the 
ground. You got a bunch of guys about to turn blue. We’re breathing again. Thanks 
a lot.” 

In the view of the public, the defining moment of the event would be when a 
human footprint deformed the lunar dust. This would have a human dimension; 
there would be a personal link to the hearts of all people who left footprints on Earth 
and a sense of the frailty of a mere human stepping out on a hostile alien world. The 
moonwalk would be the pinnacle of the whole achievement, itself a supremely 
difficult accomplishment. 
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Neil Armstrong didn’t view a moonwalk as being particularly difficult — not in 
comparison to the rigours of getting Eagle onto the Moon in one piece. Speaking in 
2001 to NASA historians, he weighed up how difficult the landing had been. “The 
most difficult part from my perspective, and the one that gave me the most pause, 
was the final descent to landing. That was far and away the most complex part of the 
flight. The systems were very heavily loaded at that time. The unknowns were 
rampant. The systems in this mode had only been tested on Earth and never in the 
real environment. There were just a thousand things to worry about in the final 
descent. It was hardest for the system and it was hardest for the crews to complete 
that part of the flight successfully.” 

Then somewhat humourously, he tried to enumerate the difficulty of the landing 
as compared to an excursion outside. ““Walking around on the surface, you know, on 
a ten scale, was one, and J thought that the lunar descent on a ten scale was probably 
a thirteen.” 

A final and eloquent perspective on the moment of touchdown comes from Jim 
Scotti, a planetary scientist who once asked Gene Cernan about the sounds he could 
hear as he landed on the Moon. Scotti wanted to know about the noise produced by 
the engineering that surrounded Cernan; pumps, switches, thrusters, and that big 
descent engine. The answer he got was not what he expected. Jim picks up the story. 
“What he heard in the moments after landing was... silence! You see, before 
landing, he was so engrossed in the activity that he heard Jack calling out numbers 
and the occasional call from Houston and everything else blended into the 
background because he was so focused on the task of landing. At touchdown, 
however, the spacecraft fell silent and mission control was staying quiet to try not to 
interfere with what they expected was the final moments of touchdown. And Gene 
added: ‘And the guy standing next to me was struck silent staring out the window 
looking at the surface and he sure wasn’t saying anything!’” 
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Down in the dust 


When President Kennedy gave the United States his lunar challenge, he never 
stipulated that the crew should go outside. Land on the Moon and return safely to 
Earth; that was the challenge. Yet it was simply assumed from the outset that extra 
vehicular activity (EVA) on the surface would be part of the show. Right or wrong, a 
walk on the Moon would be the climax of the mission. And in the minds of most 
people, the Apollo 11 moonwalk would climax the entire program. 


POSTLANDING 


Once on the Moon, it took a while for the LM’s two-man crew to transition from the 
role of pilots to that of explorers. Their ship was still fully powered and configured 
for flight. It was particularly important that the crew and mission control be ready 
for lift-off in case some problem with the spacecraft was identified. 

Apollo 11, again riding its luck as the first landing, came astonishingly close to 
invoking this scenario. As soon as the landing had been achieved and the engine shut 
down, the flow of fuel through the heat exchanger also stopped. This heat exchanger 
had been using the warmth in the fuel to heat the extremely cold helium being used 
to pressurise the propellant tanks. The contents of the supercritical helium tank were 
then vented, which unintentionally froze a slug of fuel in the fuel line. Engine heat 
warmed the rest of the line and caused its internal pressure to rise beyond the limit of 
the sensor. Flight controllers and managers began to confer, working towards a 
decision to lift-off, or at least to burp the engine before the line could burst and spray 
hydrazine onto hot components. As they deliberated, the heat eventually worked its 
way to the frozen slug and melted it. The pressure in the line fell dramatically, and so 
did the tension in mission control. 

As illustrated by this tale, the moments after a landing were tense ones for people 
in Houston as well as the crew. The final drop to the surface had ended in a minor 
jolt that, though not seen as serious, had nevertheless applied a deceleration as large 
as any since the LM had been powered. This was a profound transition between 
modes. If something were to go wrong — perhaps damage to a tank or an electrical 
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Jack Schmitt’s view out of Challenger’s right window at the undisturbed Taurus-Littrow 
site. 


connection shaken loose — then it was more likely to be a problem at that moment, 
just as on Earth the cheering and plaudits dared to begin. 

Go/no-Go decisions had punctuated the flight thus far and now the flight director 
wanted his controllers to make another, this time on whether the surface phase of the 
mission should continue — but he wasn’t going to call it ‘Go/no-Go’. It had been 
pointed out by Bill Tindall that in the heat of an emergency, ‘Go’ could easily be 
construed as advice to get out of there as much as an instruction to continue with the 
planned mission and stay on the surface. Therefore this call was ‘Stay/no-Stay’. 

Three opportunities were set aside for a possible lift-off soon after landing: T-1 
was immediate, with the intention to catch up with the CSM on its current orbit. 
There were only a few minutes available for the Stay/no-Stay decision at T-1 to be 
reached. It would be based on ‘first impressions’. The next opportunity, T-2, would 
also catch up with the CSM on this orbit but the price of a little more decision time 
on the surface was a modified rendezvous arrangement. It would be based on a more 
detailed examination of the telemetry. A third opportunity had to wait two hours 
while the CSM came back around the Moon so the T-3 decision to Stay/no-Stay 
could be a little more leisurely. On Apollo 11, the crew began a simulated countdown 
towards lift-off at T-3 to keep them on top of the procedures, given that they had not 
practised them for some time. With the operational familiarity gained from Apollo 
11, future crews felt such a procedure was not necessary and dispensed with it. 

Pete Conrad became a little irritated at the time it was taking for mission control 
to come up with a decision on T-2. When he prompted them, he raised a little mirth. 
“Okay, Houston. Are we Go or Stay?” 
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“Intrepid, Houston,” replied Capcom Gerry Carr. ““You’re Stay; and if you'd like 
to recycle and try it again, we’ll talk to Sims.” 

“No!” laughed Conrad and Bean in unison. 

“No, not this time,”’ said Conrad. 

The crew and the mission control team had carried out many simulations, usually 
with difficult problems thrown in. After each shot at simulating a landing, it was 
common practice to ‘recycle’ and try again immediately. In some respects, their 
landing had been like a tame simulation but during the launch from Earth, when 
they had been hit by lightning, Conrad had compared that experience to a 
particularly tricky simulation. With this in mind, Bean threw a friendly brickbat at 
the Sim Supervisor. “Yeah. We’re still mad at him for earlier in the week.” 

Crews did not vent the propellants in the descent stage’s tanks. To do so would 
have contaminated the surrounding area with noxious chemicals. Only helium was 
vented to avoid the heat of the lunar day raising the internal pressures of the helium 
tanks. Then with the LM’s oxygen supply set to feed the cabin instead of the suits, 
they could remove their helmets and gloves to permit greater freedom to talk and 
operate the systems. 

The next flurry of activity surrounded the guidance system. The platform had to 
be realigned and to accommodate it, window shades were put in place so their eyes 
could adapt to view stars through the alignment telescope. The dish of the 
rendezvous radar, which sat just in front of the telescope’s external optics, was 
parked face down so it would not obscure the field of view. After the platform had 
been aligned, the commander would reposition the antenna to face upwards for the 
remainder of their stay. Rather than use two stars as in a conventional realignment, 
the crew used the accelerometers in the guidance platform to deduce the direction of 
gravity. With that vector and a sighting on one star, the alignment of the platform 
could be restored. 

On some missions, after the platform had been aligned, Houston would take 
control of the guidance system to perform a little science that would take advantage 
of their Moon-bound situation. When the spacecraft was in powered flight, the 
accelerometers in the guidance system measured how much acceleration was being 
imparted by the engines. But now they were on the Moon, the engines were off, and 
yet they could still feel acceleration — the gravitational acceleration of the Moon. 
Without a specialised gravimeter, something that would be added to later missions, 
the accelerometers were a neat means of gaining a local measurement of its strength. 
Ed Mitchell remembered this from the Apollo 14 flight. “One of the things they did 
with the platform was to torque [it] to calibrate the accelerometer on each axis in the 
gravitational field. And, by comparing that with the known calibration of the 
accelerometers, they could come up with some sort of estimate of the gravitational 
field. Then they returned the platform to its initial configuration that we [had] 
aligned it in as a result of the star sighting.” 

The next task was to configure the batteries. 
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Power on the Moon 

All the power required by the LM for the duration of its separate mission came 
from batteries. There were four mounted in the descent stage, two in the ascent 
stage and a fifth battery was added in the descent stage for the J-missions solely to 
extend the crew’s stay time on the surface. Known as the ‘lunar’ battery, it was not 
used in flight. For the duration of the powered descent, all six major batteries were 
linked in parallel to power the spacecraft. The batteries for the ascent stage were 
included in order to power the LM in the event of an abort. Now, on the surface, 
fewer systems required power so the crew took the ascent batteries offline and 
reduced the number of online descent batteries. This was when the lunar battery, if 
present, was brought into use to share the load with combinations of the other 
four. 

Many of the LM’s electronics were designed to run on AC power so a couple of 
inverters were provided. These electronic devices convert direct current to alternating 
current but unlike the 50-Hz or 60-Hz supplies that most people are aware of in their 
homes, these ran at 400 Hz. Control of all these power systems was via two electrical 
control assemblies (ECAs), one each on the commander’s and LMP’s side of the 
cabin. Little talkback indicators showed the status of the ECAs to confirm that their 
switch settings had worked. For the next few minutes, the crew worked their way 
through a checklist that set their systems either to a mode suitable for the surface, or 
powered down altogether. 

Other tasks at this time included dealing with the multitude of items, large and 
small, that had to be unstowed and prepared for the first EVA. From back packs to 
cameras and film magazines, even a brush to keep their lenses clean, they had to be 
placed in bags that would be taken to the surface or readied for when suiting up 
would begin. 


Where are we? 
As mission control worked towards a final decision to stay, and as the crew got on 
with their tasks, there was usually some discussion about how close to their target 
point they had managed to land. Armstrong had known long before touchdown that 
he and Aldrin were going to land well past their intended destination. Shortly after 
arrival at Tranquillity Base, he raised the question with Houston. ‘“‘The guys that 
said that we wouldn’t be able to tell precisely where we are, are the winners today.” 
It was no great surprise, given the hair-raising nature of their descent. ‘““We were a 
little busy worrying about program alarms and things like that in the part of the 
descent where we would normally be picking out our landing spot,” he continued, 
“and aside from a good look at several of the craters we came over in the final 
descent, I haven’t been able to pick out the things on the horizon as a reference as 
yet.” 

“No sweat,” reassured Charlie Duke in mission control. “We'll figure it out.” 

It took a long time for anyone to figure it out. Throughout the time he spent in 
orbit alone, Mike Collins never once managed to view Eagle through the sextant, 
which was hardly surprising, given that it had landed six kilometres from its intended 
site and the plain of Mare Tranquillitatis is a featureless wasteland of crater imposed 
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Intrepid’s 
descent Stage 


The Apollo 12 landing site, photographed 40 years later by the Lunar Reconnaissance 
Orbiter. (NASA) 


upon crater. The best estimate was made by the geological team at mission control 
who noted how Armstrong had described flying over a large blocky crater to a 
“fairly level plain with a large number of craters”’. 

The factors that led to the inaccuracy of the Apollo 11 landing were overcome to 
guide Pete Conrad to a pinpoint landing on Apollo 12. He knew where he was, but 
had trouble telling mission control because he was reading the map incorrectly. Four 
hours later, as Dick Gordon coasted overhead in Yankee Clipper, he had his eye 
firmly affixed to the sextant eyepiece. 

“Houston, I have Snowman.” The familiar pattern of craters stood out when the 
computer was asked to point the optics at the intended landing site. At first, he 
confused Intrepid with the Surveyor 3 spacecraft that had arrived 31 months earlier. 
Then it clicked. 

“T have Intrepid. I have Intrepid,” said Gordon excitedly. ““He’s on the Surveyor 
Crater; he’s about a quarter of a Surveyor Crater diameter to the northwest.” 

“Roger, Clipper. Well done,” replied Capcom Ed Gibson. Surveyor Crater 
formed the torso of the Snowman and was where the eponymous spacecraft had 
been located. 

“Tl tell you, he’s the only thing that casts a shadow down there.” 

If the planned walking traverses to geologically interesting sites were to be 
fulfilled, an accurate landing was mandatory for Apollos 12 and 14. Just 600 metres 
off could make a destination unreachable. Alan Shepard brought Antares down 
within a mere 50 meters of his target, the best of the programme, but for the J- 
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missions, only the commander’s bragging rights were in jeopardy by such a miss. 
Having a rover rendered such inaccuracies moot. 


To rest or not to rest. 

When Armstrong and Aldrin arrived at Tranquillity Base, their flight plan gave them a 
rest period before they were to embark on their historic moonwalk. NASA’s 
operational conservatism had not wanted to load them up with too much in one day. 
But many believed that the crew would be too keyed up to rest at that point and there 
were tentative plans to bring their EVA forward. One hour after landing, Armstrong 
announced his decision. ““Our recommendation at this point is planning an EVA, with 
your concurrence, starting about eight o’clock this evening, Houston time. That is 
about three hours from now. We will give you some time to think about that.” 

Charlie Duke promptly gave Houston’s reply. “We thought about it; we will 
support it. We’re Go at that time.” 

After the mission, Armstrong explained their thinking. ““There were two factors 
that we thought might influence that decision. One was the spacecraft systems and 
any abnormalities that we might have that we’d want to work on; and the second 
was our adaptation to one-sixth g and whether we thought more time in one-sixth 
g before starting the EVA would be advantageous or disadvantageous at that 
point. Basically, my personal feeling was that the adaptation to one-sixth g was 
very rapid and [it] was very pleasant, easy to work in, and I thought at the time 
that we were ready to go right ahead into the surface work and [so J] 
recommended that.” 

For the most part, crews had their first surface EVA on the day of landing. Apollo 
16 was one exception. The 6-hour delay in its landing had changed mission control’s 
view. ““You probably gathered that we want y’all to sleep first,’ said Jim Irwin in 
Houston. 

“That suits us,” said Duke, not entirely honestly. “Jim, I feel exactly like I 
thought I was [going to feel]. I really want to get out, but I think that discretion is the 
better part of the valour here.” 

Decades later, Duke regretted the decision. “‘As a hindsight observation, it wasn’t 
a good idea. I think we should have gotten out first. I had a tough time getting to 
sleep. My mind was just racing and I wanted to get out. I was thinking about all that 
was coming up; and the excitement had just passed; and, you know, my mind was 
just whirling. I think we had so much adrenaline pumping we could have gone, 
probably two days — forty-eight hours — without any problem. So, looking back, I 
think we made a mistake. But it’s done.” 

The other exception to EVA on landing day was Apollo 15. They had a SEVA! 


SEVA 

David Scott’s flight was the first J-mission, the first to have a rover and the first 
where science defined the mission. Back in 1964, when geology training began for the 
prospective lunar explorers, Scott’s teachers spotted that, more than the other jet- 
jockeys that passed through their hands, he possessed a mind that was receptive to 
scientific enquiry. When his Moon mission came up, his enthusiasm and excitement 
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for Apollo’s scientific quest easily transferred to the other members of his crew, and 
to those subsequent members of the J-mission crews who, like him, came from a test- 
pilot background. Don Wilhelms, who played a major part in transforming Apollo 
into a hunt for geological answers, described Scott, Jim Irwin and Al Worden as “‘the 
geologic crew’. 

Scott had been impressed by the teachings of geologists like Caltech professor Lee 
Silver and USGS staffer Gordon Swann who had been brought in to give the crews 
training in field geology, as distinct from the previous classroom instruction. When 
approaching a new geological site, one of Silver’s techniques was to find a high spot, 
even the vehicle that had brought them there if needs be, to gain an overview of the 
site before digging into the detail of stones and bedrock. This site survey gave the 
bigger picture; what the major rock exposures were, what type of rocks they held and 
at what angle the layers of rock dipped. Scott decided that since there were no plans 
for an EVA on the day of their landing, he would make a stand-up extravehicular 
activity (SEVA) instead. 

The arguments to convince managers that a SEVA was worthwhile included a 
need to maintain the crew’s circadian rhythm. At the time, it was felt that a full 7- 
hour EVA after landing would have meant an excessively long day. Yet, to sleep so 
soon after arrival would lead to a shorter than normal day. The SEVA would fill the 
gap and help to release the excitement they would naturally feel at having landed on 
the Moon. Also, Apollo 15’s northerly site had not been well mapped by the Lunar 
Orbiter probes whose high-resolution imagery had been expended near the equator. 
In particular, no one really knew whether Hadley provided a suitable surface for the 
rover, and if significant problems became visible from up top then his descriptions 
would be useful in revising the planned drives. 

From Scott’s point of view, the best reason for the SEVA was the science, as he 
later recalled. ‘““To be able to stand there and just look at all that stuff. I mean, that 
was just a mindblower to be able to just stand up there and gaze around and report 
what you saw, knowing full well that Lee Silver and Gordon Swann and the guys in 
the Backroom are listening to every word.” 

As well as the SEVA, Scott and the geologists wanted to take a telephoto lens. 
“We spent a lot of time and energy justifying the 500-mm lens,’ remembered Scott. 
‘And the final trade-off was in abort propellant. They reduced the amount of abort 
propellant on the landing by whatever the mass of the telephoto lens was. There was 
a lot of scepticism on whether it would be useful at all. But, gosh, you go out in the 
field with a bunch of geologists and you can’t get to the mountain and it becomes 
obvious that a telephoto picture is a lot better than nothing.” 

Once he had got his head out of the overhead hatch, Scott began to photograph 
the virgin site using a 60-mm lens to take an all-round panorama and then his 
telephoto lens to capture features of special interest. With that out of the way, he 
began what, according to Wilhelms, ranked as “the best geological description by an 
astronaut on the Moon.” 

“All of the features around here are very smooth,” reported Scott. ‘““The tops of 
the mountains are rounded off. There are no sharp jagged peaks or no large boulders 
apparent anywhere.” 
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Silver Spur, as photographed by David Scott during his SEVA using a 500-mm lens. 
(NASA) 


That was good news. They would have little difficulty driving the rover across the 
landscape as planned. Scott worked his way around the view, describing everything 
he saw while giving clock-face references with respect to the LM’s west-facing aspect. 
“As I look on down to my seven o’clock, I guess I see Index Crater here [in] the near 
field. But, back up on Hadley Delta, to the east [at Silver Spur], why, again I can see 
a smooth surface. However, I can see lineaments. Pll take a picture for you.” 

The Moon’s immense antiquity drapes almost all its bedrock with a thick blanket 
of beat-up, pulverised rock. Since bedrock is what geologists like the most, by virtue 
of it being in situ, any sign of it on the lunar surface gets their attention, especially 
when they see layering. Scott’s lineaments, on the feature they had happily named 
Silver Spur for their geological mentor, appeared to be such layering. 

“There appear to be lineaments or lineations dipping to the northeast, parallel [to 
each other]. And they appear to be, maybe, three per cent to four per cent of the total 
elevation of the mountain, almost uniform [spacing]. I can’t tell whether it’s structure 
or internal stratigraphy or what. But there are definite linear features there, dipping 
to the northeast, at about, oh, I’d say 30 degrees.” 

Silver Spur was too far away to visit, but with his telephoto lens Scott was able to 
gain clear images of the structures for the geologists. 

For the two later missions, the justifications for a SEVA lessened and it was 
dropped. Scott would be the only commander to look out of the top of his LM in 
what Jim Irwin likened to Desert Fox in his Panzer. 
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SUITING UP 


If a crew intended to leave the lunar module soon after landing, their preparations 
were reduced by virtue of being already suited. In fact, for the first three landings, 
suits were never removed while on the Moon. Their task primarily involved 
changing over from the LM’s oxygen and coolant water to that supplied from their 
back pack, the portable life support system (PLSS, pronounced ‘pliss’). Once they 
had put their helmets and gloves back on, there were a large number of checks to be 
made. 

The LM provided very little room for two crewmen wearing suits with PLSSs 
attached, so one of the first tasks was to lay out all the items they would need at 
positions where they could get to them without undue difficulty. They checked their 
zippers, the double locks that would hold their gloves and helmets in place, then 
positioned themselves to put their back packs on. The sequence of steps in the 
process was very carefully choreographed. Among all the unstowing of cameras, 
boots and other paraphernalia was one important task; to deploy a VHF antenna on 
the outside of the LM by turning a crank. One of the crew had to manoeuvre to the 
back of the cabin to get at it. When crews had eight hours or more hard work outside 
while sealed inside a suit, some food was welcome while an occasional drink was 
essential, so for the later missions, bags of water and a food bar would be installed 
within the neckring. Then coatings of anti-fog treatment would be applied to the 
inside of their helmets. 
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A PLSS with its covers removed. (NASA) 
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Buzz Aldrin carries science equipment across the lunar surface. On his back is his OPS 
(with the US flag) and PLSS (the larger unit below the OPS). (NASA) 


Before they added their oxygen purge system (OPS) to the top of the back packs, a 
check was made of the pressure in the oxygen tanks within. Each OPS had two 
spherical tanks with the gas inside stored at an extremely high pressure. A small 
gauge was provided to check its value. Depending on how a crewman’s PLSS or suit 
had failed, the OPS would provide at least 30 minutes of emergency oxygen and 
cooling by the regulated discharge of the contents of its tanks. In fact, the OPS 
carried more than three times as much oxygen as did the PLSS itself but the latter 
was merely recycling the gas in a loop and topping it up as necessary as it was 
consumed. 

As the Apollo 14 crew worked through their suiting up procedures, they reached 
the point where they had to don the PLSS. Mission control had them call out where 
in the checklist they were. “Okay, Houston,” called Ed Mitchell. ““We’re at that 
point where we hand the real PLSS out and get the lightweight one.” 

Once again, the crews could not help but compare their amazing experience on the 
surface of the Moon with the endless rehearsals they had put in before the flight. 
During their training exercises or when they had checked out Antares itself, they had 
used a real PLSS up to the point of donning it, but the back packs were 
uncomfortably heavy in Earth’s gravity and unwieldy in the tight space of the LM 
cabin. To avoid damaging flight hardware, the real PLSS would be exchanged for a 
lightweight mock-up. Ron Blevins was an instructor who would typically make the 
exchange. 
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“Roger,” laughed Capcom Bruce McCandless. “Ill have Ron come on up the 
ladder.” 

Crews did find the LM cabin to be a much more pleasant environment when the 
one-sixth-g of the Moon ruled the physics of their work. “The only time I found the 
lunar module really confining was when we started moving the PLSSs around,” 
remembered Charlie Duke. ‘““We move one of the PLSSs on the floor between us, and 
we pick it up and put it somewhere else. We’d done that in training and John just 
struggled to get that thing up, because it was heavy! You know, 155 pounds [70 kg]. 
They had a lightweight mock-up which I think was a little bit lighter. But up there, in 
that one-sixth g, boy, he just picked it up with one hand. It was just tremendous. It 
made you feel like Superman.” 

With the OPS attached to the top of the PLSS, connections were made between 
the two, including a feed to the antenna on top through which the crew would keep 
in touch with each other and Earth. Then they would don the PLSS. “Getting the 
PLSSs on was very difficult,’ recalled Gene Cernan. “It was a two-man operation. 
The PLSSs were strapped to the side walls, at working height, and you had to back 
up against yours and the other guy would then unhook it from the wall and help you 
get it strapped to your back. The LM was so small that it was a very difficult 
operation, even in soft (unpressurised) suits.” 

To control and monitor most of the functions of the suit, a remote control unit 
(RCU) was attached to the chest. It had a quantity gauge for oxygen; switches that 
controlled their water pump and fan assembly, and their communications; and there 
were flags that indicated the status of the back pack. These gave warnings for 
oxygen, water and carbon dioxide as well as for the suit’s pressure. On the front was 
a bracket upon which a crewman could attach his Hasselblad camera. Once the suit’s 
systems had been connected up, it was time for checks of the communications 


Remote control unit for the PLSS. (Training unit at the Smithsonian Institution’s 
Garber Facility, 2006. Photo courtesy Ulrich Lotzmann.) 
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between each other and with mission 
control. That’s when Conrad and 
Bean came unstuck. 

The checklists the crews used were 
very thorough. Every connection and 
every switch position was detailed for 
the men to check, and the procedures 
were practised repeatedly before the 
mission. The problem for the Apollo 
12 crew was that they had done this 
so many times that they thought they 
knew it. More importantly, they were 
used to their training hardware. Al 
Bean explained: “‘The gear used down 
at the Cape [for training] have the 
comm switches on them but you 
don’t have to use them at all for 
comm.” Hence they did not have to 
actually operate the switch during 
training, as Conrad pointed out, “In 
training, we always just read it in the The RCU mounted on Alan Bean’s chest. It 
checklist and kept on going.” provided a mount for a Hasselblad camera. 

“Here’s an example of the gear (NASA) 
we’re using [on the Moon] not being 
configured precisely like the gear we use in practice; and that cost us,” recalled Bean. 
In fact it cost them nearly 20 minutes in a machine whose operational lifetime was 
measured in hours. Differences between training and flight hardware would bite 
them again when their TV camera was damaged by being inadvertently aimed at the 
Sun. The crew had only ever practised with an inert mock-up and had no 
appreciation of the flight unit’s susceptibility to direct sunlight. 

With the final oxygen connections made from the OPS to the PLSS, each 
crewman took a last long drink from the LM’s water supply before they sealed 
themselves off by donning their helmets and gloves. Care was taken to ensure their 
microphones were properly positioned as there would be no opportunity to 
reposition them once outside. They then transferred the suit’s oxygen and cooling 
water hoses from the LM to the PLSS and put on their hard-wearing outer gloves. 
Because they would get no cooling from the PLSS until they were in a vacuum, 
crews from Apollo 12 onwards made sure to give themselves an extra shot of 
cooling water from the LM through their liquid-cooled garment before this 
changeover. 

The next step was to make sure the leakage from their suits was acceptable. 
Rather than build suits that were completely airtight, engineers accepted a slight 
leak rate in the knowledge that the PLSS supply would be adequate to make up for 
the loss across the duration of the EVA. This ‘pressure integrity’ check required the 
suits to be inflated above cabin pressure until the gauges on their cuffs indicated 3.7 
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to four psi. The oxygen supply was 
then turned off and the gauge 
watched for a minute. Their check- 
list stipulated that they should not 
observe a drop greater than 0.3 psi, 
some of which was merely due to 
them breathing the oxygen or the gas 
getting into all the nooks and cran- 
nies within the suit. 


Lost air 

Once everyone was happy, it came 
time to let the air out of the cabin, or 
depressurise, to use the parlance. 
There were two valves the crew could 
use to achieve this; one on the 
forward hatch that led out to the 
ladder, and the other on the overhead 

Cuff pressure gauge on Bill Anders’s suit. hatch that would lead to the tunnel 

and the CSM once they redocked. 
The handles for these dump valves had three positions; open, closed and an 
intermediate position called ‘automatic’ which was its normal setting in which the 
valve acted to protect the spacecraft against excessive internal pressure. It remained 
closed until the cabin’s pressure reached a threshold of about one third of normal 
Earth atmospheric pressure with respect to the outside. It then opened to vent air 
until the pressure dropped below the threshold. 

The procedure for depressurisation was to set the dump valve in its open position 
and drop the cabin pressure from its normal reading of about five psi until it 
indicated 3.5 psi and then stop. They then monitored their suits to ensure that they 
were also dropping to maintain the correct relative pressure. If all was well, the dump 
valve was returned to the open position until the cabin was evacuated enough that 
the forward hatch could be opened. When sensors indicated less than 3.5 psi, the 
EVA was deemed to have begun and Houston would begin to time the crew’s 
progress. 

On Apollo 11, the depressurisation proved to be a lengthy procedure. Unlike 
subsequent missions, Eagle’s forward dump valve had been fitted with a bacterial 
filter which halved the rate at which air could depart the cabin. As the amount of air 
within the LM decreased, so did the pressure that was pushing it through the depress 
valve and thus the rate of evacuation tailed off. It took about three minutes for the 
cabin pressure to indicate only 0.2 psi but even this was too high for a crewman to 
directly open the hatch. It had to get nearer to 0.1 psi. Yet at such low pressures, the 
cabin began to be replenished by internal sources that further slowed the 
depressurisation, as Armstrong explained after the flight. “It took a very long time 
to depressurise the LM through the bacteria filter with the PLSS adding gases to the 
cockpit environment or something adding some cabin pressure. The second was that 
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Detail of the overhead hatch with latch handle on the left and overhead dump valve on 
the right. (Courtesy, Frank O’Brien) 


we weren’t familiar with how long it would take to start a sublimator in this 
condition. It seemed to take a very long time to get through this sequence of getting 
the cabin pressure down to the point where we could open the hatch, getting the 
water turned on in the PLSS, getting the ice cake to form in the sublimator, and 
getting the water alarm flag to clear so that we could continue. It seemed like it took 
us about a half hour to get through this depressurisation sequence.” To speed up the 
process on subsequent flights, not only was the filter dropped, crews took to 
grabbing the corner of the hatch and peeling it open. 

The sublimator that Armstrong was referring to was the central element of the 
PLSS’s cooling system. Water was fed directly to the vacuum where its evaporation 
and eventual sublimation from ice to a gas cooled a separate water circuit that 
cooled the crewman. This emission of vapour was the reason that later crews pre- 
cooled themselves before disconnecting their water from the LM. It was better not to 
start the sublimators until the hatch was open and a vacuum had been established in 
the LM. 

Once the hatch was fully open, the commander manoeuvred himself onto the 
floor, kneeling with his feet towards the open hatch. Guided by his LMP, he crawled 
backwards through the hatch onto the porch, a small platform between the 
hatchway and the top of the ladder. When Neil Armstrong got onto the porch, he 
reached to his left and pulled a nearby D-ring which allowed one of the side panels of 
the descent stage to hinge open. A small TV camera was mounted upside down on 
the panel and strategically aimed to document his descent into the history books. On 
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Alan Bean manoeuvring through Jntrepid’s hatch. (NASA) 


Earth, TV converters at the ground stations had circuitry to flip the image the right 
way up. 

In the expectation that a descending LM was likely to deform the crushable 
interior of the landing legs and compress them, the lowest step of the ladder was set 
the best part of a metre above the footpad. However, on all missions, there was little 
appreciable compression of the gear, necessitating a gentle leap from the bottom step 
to the footpad in the low lunar gravity. Only then could a boot print be made in the 
lunar surface. 


First moments 

“Tm at the foot of the ladder.” Neil Armstrong brought a quiet coolness to the 
moments before he took humankind’s first step on the Moon. ““The LM footpads are 
only depressed in the surface about one or two inches, although the surface appears 
to be very, very fine grained, as you get close to it. It’s almost like a powder. [The] 
ground mass is very fine.” 

Armstrong was not telling science anything it did not already know. Previous 
unmanned probes and objective theorising by lunar geologists had established that 
the lunar surface would be finely powdered, beat up from an incessant rain of objects 
over extremely long time periods. But, first and foremost, Armstrong was an 
engineer and test pilot and one of the best in the business. What test pilots do is 
observe and describe in physical terms, and that was exactly what he was going to 
bring to this endeavour. 

“T’m going to step off the LM now.” 
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With his right hand holding onto the ladder, Armstrong placed his left foot onto 
the dust of Mare Tranquillitatis. ““That’s one small step for [a] man; one giant leap 
for mankind.” 

With the moment appropriately marked, Armstrong continued onto the surface 
and tentatively began to adapt to moving around in the weak gravity field. He also 
returned to his descriptive roots. “Yes, the surface is fine and powdery. I can kick it 
up loosely with my toe. It does adhere in fine layers, like powdered charcoal, to the 
sole and sides of my boots.” 

In the years leading up to this moment, one scientist had attracted the attention of 
the press, ever hungry for a story, by suggesting that the LM or an astronaut would 
be swallowed up by a great depth of dust which, he theorised, would have taken on a 
‘fairy-castle’ structure. Thomas Gold’s theory was based on interpretations of radar 
observations which showed that the surface consisted of very loose material, which is 
indeed an accurate description of the top few millimetres. However, Gold took this 
observation and wove it into a tale of great seas filled with electrostatically 
supported dust. In fact, the large size of the LM footpads is attributed to his 
influence. Gold continued to provide reporters with a yarn of possible catastrophe 
even after unmanned Surveyor landing craft had successfully touched down using 
footpads designed to impart the same pressure as the LM pads. These spacecraft also 
returned images of boulders resting on the surface and orbiting spacecraft had 
imaged great swathes of ejected blocks from large craters that had clearly not sunk 
into the dust. But of this period, geologist Don Wilhelms wrote, “One would think 
that the presence of all this dust-free blocky material would have weakened the 
Gold-dust theory, but no amount of data can shake a theoretician deeply committed 
to his ideas.” 

Armstrong was demolishing such worries once and for all. “I only go in a small 
fraction of an inch, maybe an eighth of an inch, but I can see the footprints of my 
boots and the treads in the fine, sandy particles.” 

Always aware that a problem could cause the EVA to be terminated at any time, 
Armstrong’s initial moments on the surface were carefully planned. He had a short 
moment to ensure he would have no difficulty moving around, then he and Aldrin 
used a looped strap to send a Hasselblad camera down from the cabin. The /unar 
equipment conveyor (LEC) was NASA’s reply to a fear that it might be difficult and 
time-consuming to carry items up and down the ladder, particularly boxes of rock 
samples. The LEC was discarded after Apollo 12 as crews came to better understand 
the ease with which heavy loads could be handled on the Moon. With the camera 
attached to a bracket on his chest mounted RCU, Armstrong proceeded to take a 
series of overlapping pictures that could later be merged into a panoramic view of the 
landing gear. Then, after a reminder from Bruce McCandless in Houston, he used a 
scoop to gather a contingency sample of the soil near Eagle. 

“Looks like it’s a little difficult to dig through the initial crust,” noted Aldrin from 
Eagle’s cabin. 

“This is very interesting,” said Armstrong. “It’s a very soft surface, but here and 
there where I plug with the contingency sample collector, I run into a very hard 
surface. But it appears to be a very cohesive material of the same sort.” Armstrong 
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Neil Armstrong practises using the lunar equipment conveyor three months before 
Apollo 11’s flight. (NASA) 


had discovered what is, to people used to Earth, an odd property of the soil. This 
part of Mare Tranquillitatis had seen essentially no volcanic activity for well in 
excess of three billion years. The only large scale processing of the rock had been by 
countless impacts, and the vast majority of these were small. Each had helped to 
pulverise the surface into a layer of dust and boulders about five metres thick called 
the regolith and each had served to shake the subsoil until it became extremely well 
compacted yet unconsolidated material. So while the top few centimetres were loose, 
the subsurface seemed hard and unyielding. 

It was then Aldrin’s opportunity to climb down the ladder as Armstrong 
photographed him. “‘Now I want to back up and partially close the hatch, making 
sure not to lock it on my way out.” 

“A particularly good thought,” laughed Armstrong. 

“That’s our home for the next couple of hours and we want to take good care of 
it.”” The checklist had called for the hatch to be partially closed, probably to prevent 
the shaded interior radiating its heat into space. 

Ever the test pilot, Aldrin continued to narrate his descent of the ladder. “It’s a 
very simple matter to hop down from one step to the next.” 

“Yes. I found I could be very comfortable, and walking is also very comfortable. 
You’ve got three more steps and then a long one.” 

Aldrin practised leaping between the ladder and the footpad, then, before he 
stepped onto the surface, he turned to take in the landscape. 

“Beautiful view!” 
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“Isn’t that something!”’ said Armstrong. ‘““Magnificent sight out here.” 
“Magnificent desolation.” 


Snow on the Moon 

As Al Bean waited to follow Pete Conrad out of Intrepid’s cabin, he moved to his 
window to adjust a movie camera that would record their work on the surface. Just 
after Conrad had taken a contingency sample of lunar soil, both men heard a 
warning in their headsets. 

“Uh-oh, did I hear a tone?” said Conrad as he tested his mobility on the surface. 

“Yeah; I’ve got an H.O A,” said Bean. 

“You do?” 

“Yeah. I wonder why?” 

The ‘A’ flag and tone was telling Bean that his cooling system was failing. For a 
few minutes he tried to troubleshoot the balky PLSS as Conrad got started on tasks 
around the LM. 

“Okay. I think I know what happened, Houston,” said Bean as he spotted the 
cause. After the flight, he explained the circumstances: “I happened to glance down 
and noticed the door was closed. I realised what had happened. The outgassing of 
my sublimator had closed the door, with the result that I didn’t have a good vacuum 
inside the cabin anymore. I quickly dove to the floor and threw back the hatch. The 
minute I did, a lot of ice and snow went out the hatch.”’ 

“What did you just do, Al?” asked Conrad when he saw resultant display. 

“Man, I just figured it out.” 

“You sure did. You just blew water out the front of the cabin.”’ Then correcting 
himself, ‘‘Ice crystals.” 

“That’s what had happened to the PLSS. The door had swung shut, [...] and 
probably bothered the sublimator, ’cause it wasn’t in a good vacuum anymore. So I 
opened the door and it’s probably going to start working in a minute.” 

“T should hope so, laughed Conrad. ““When you opened the door, that thing shot 
iceballs straight out the hatch.” 

The first time David Scott opened Falcon’s forward hatch, he treated Jim Irwin to 
a similar display of ice particles visible out of his window. “It’s blowing ice crystals 
out the front hatch,” laughed Irwin. “It’s really beautiful. You should see the 
trajectory on them.” 

“T bet they’re flat, aren’t they, Jim?’ asked Capcom Joe Allen. “The trajectories?” 
Allen was a scientist by training and as soon as he heard about the flying crystals, he 
immediately began to think about how they would move. 

“Very flat, Joe,’ answered Irwin to Allen’s query. 


cy 


GOING FOR A WALK 


There was little opportunity on Apollo 11 for Armstrong or Aldrin to wander far 
from the LM. Their time outside was so brief and they had been given so much to 
do. Even though their PLSSs were capable of supporting a 4-hour moonwalk, 
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managers had kept this initial single excursion down to only 2'4 hours, and then 
packed that time with an enormous range of tasks. One of Aldrin’s tasks was to 
investigate their mobility in this new environment. This he would do in front of the 
TV camera. 

“T’d like to evaluate the various paces that a person can [adopt when] travelling on 
the lunar surface.’’ He readied himself to walk towards the camera and across its 
field of view and then he began to narrate his various strides. ““You do have to be 
rather careful to keep track of where your centre of mass is.”’ Since lunar gravity did 
not bear down nearly as much as on Earth, the brain was less aware of where the 
centre of mass was. ‘“‘Sometimes, it takes about two or three paces to make sure 
you’ve got your feet underneath you.” 

Aldrin’s first display was a loping stride on alternating feet as he headed towards the 
camera, but his lightness meant that for much of the time, both feet were off the ground 
as each leg launched him forward on what was really the first example of running on 
the Moon. His inertia was much more of an issue because while his weight was reduced, 
his mass and that of his suit were unaltered and once in motion, they took conscious 
effort to bring to a halt. ““About two to three or maybe four easy paces can bring you to 
a fairly smooth stop.” He continued his stride away from the camera, deliberately 
changing direction a few times so everyone could see. “[To] change directions, like a 
football player, you just have to put a foot out to the side and cut a little bit.” 

So much for a walk/run. Next he tried bouncing, with two feet pushing forward 
together as he returned towards the camera. “The so-called kangaroo hop does 
work, but it seems as though your forward mobility is not quite as good as it is in the 
more conventional one foot after another.” 

“T felt it was quite natural,’ said Armstrong after the flight as he described his 
mobility on the lunar surface. “The one-sixth gravity was, in general, a pleasant 
environment in which to work, and the adaptation to movement was not difficult.” 
Planners had worried about how well humans would cope with a hugely reduced 
gravity, and this had been one of the reasons for the very conservative extent of the 
Apollo 11 EVA. Prior to the flight, many schemes were pursued to simulate sixth-g 
and give astronauts a flavour of what to expect, but in the event, they adapted with 
ease. “In general, we can say it was not difficult to work and accomplish tasks,” 
commented Armstrong. “I think certain exposure to one-sixth g in training is 
worthwhile, but I don’t think it needs to be pursued exhaustively in light of the ease 
of adaptation.” 

Despite the rules that bound them to the TV camera’s field of view, Armstrong 
pushed the envelope a little. Towards the end of their excursion, he decided to go for 
a short run and headed 60 metres behind the LM to a small crater he had overflown 
on the way down. For the brief moments he could be seen, it was clear he had settled 
into the same loping gait that Aldrin had just demonstrated and which most of the 
moonwalkers would adopt. 

Ed Mitchell, Charlie Duke and Gene Cernan often used a gait that was in between 
the foot-by-foot lope and the kangaroo hop. In this, they pushed off on both feet but 
always kept a given foot in front of the other while landing with the rear foot slightly 
earlier than the front foot. 
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After the conservatism of the first moonwalk, Apollo’s managers let the program 
move up a gear to extend the reach of subsequent crews. Conrad and Bean used their 
first 4-hour EVA to set up science instruments. Then with a little time left over, they 
went 180 m beyond their new science station to the rim of a big crater to take some 
pictures. Their second EVA, also for four hours, was devoted to a walk of over 1.3 
kilometres that made a great loop around a series of geological targets. The furthest 
of these was a small, fresh (meaning a few million years old) crater called Sharp sited 
400 metres from the LM. 

The two astronauts hustled around their circuit, loping easily from site to site in 
their bulky suits at about four kilometres per hour to give themselves as much time 
as possible at their stops. The early model of the suit was very stiff at the waist and 
this restriction made walking hard work when compared to the more flexible suits 
worn by the J-mission crews. During part of their journey, as they headed from 
Sharp to another crater, this one called Halo, Bean felt a change in the apparent air 
pressure in his suit that was later attributed to his vigorous movement causing the 
flow of air out of the suit to be momentarily interrupted, producing an overpressure 
that he felt in his ears. 

The stiffness of their suits also made it difficult to kneel down and pick up rock. 
Though they had tools to help them, Bean came up with another idea when Conrad 
was about to go for another sample on the southern rim of the Surveyor Crater. 
“Wait, Pete. I’ve got an idea.” 

“What?” 

“Pete, let me reach back here and grab this strap.”” The strap was part of a bag 
attached to the rear of Conrad’s 
PLSS that was to carry parts from 
the Surveyor 3 probe they were about 
to visit. Bean realised that in the weak 
gravity, he could use this to lower his 
commander to the surface without 
Conrad having to bend his knees. 
Since they had found the scoop to be 
a little tricky to use in the light 
gravity, Bean’s trick avoided it and 
allowed Pete to use both hands to 
reach out for the rock directly. 

“That a boy,” said Conrad once he 
had the rock firmly in his hand. “[Pull 
me] back up!” The two astronauts 
were adapting and improvising in 
their new domain. Bean thought it 
would be useful technique for the 
next crew to visit Luna’s surface. 
“Now, if they had a strap like that, ~ 
they could just hold the other guy A PLSS with bag attached to carry parts of the 
while he leaned over and picked up a_ _—_— Surveyor 3 spacecraft. (NASA) 
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rock.” In the event, such clever techniques were rendered obsolete by the greater 
flexibility of later suits. 

An additional problem that became apparent on their walk was that they had a 
lot of equipment. To help them, they had the hand tool carrier (HTC), a small, three- 
legged truss structure that not only held their tools, like a hammer, corer and scoop, 
it also had a bag in the centre to give them somewhere to place rock samples gained 
during their long traverse. A handle extended upwards to give the crewman 
something to grasp. “Boy, this hand tool carrier is light and nice compared to 
carrying it around on Earth,” said Bean as he began their long walk. Though it 
helped a lot, it could cause problems of its own, as Bean discovered when he tried to 
make a faster pace across the surface. “I’m carrying that thing and that interferes 
with your running,” he later explained. “You can’t run good, because it bumps into 
your legs and it’s just a big hassle. And it gradually got heavier because we kept 
putting rocks in it.” 

The fact that it had to be grasped by a handle also raised a continuing difficulty 
that anyone in a pressurised spacesuit faces when they have to hold objects for a long 
period — they have to overcome the stiffness of their gloves. Under pressure, the 
gloves, like the rest of the suit, tried to adopt a particular posture which, for the 
Apollo suit, had the hands slightly outstretched with the fingers and thumbs curled 
inward a little. To grasp an object for a long period, the crewman had to constantly 
work against this pressure to maintain his grip around an object and soon, his 
forearm muscles would tire. 


Pete Conrad near Surveyor Crater. Beside him is the hand tool carrier. (NASA) 
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Before the flight, Bean had tried to physically condition himself for the mission’s 
arduous workload but after the flight he said that if he had properly understood 
the exertions he would have modified his approach. ‘“‘The big pain with that tool 
carrier is that you have to hold it out from your body so that your legs don’t bump 
into it as you walk, which means you have to hold it by one hand. That’s not a big 
deal when it’s light and there are no rocks in it; but when you start filling it with 
rocks, it gets to be a pretty good stunt to hold it out there for long periods of time. I 
was running two and a half miles a day towards the end of the training period to 
get my legs in shape, and my legs never suffered a bit. If I had it to do over again, I 
would run about a mile a day and spend the rest of the time working on my arms 
and hands, because that’s the part that really gets tired in the lunar surface work.” 
Indeed, Bean passed this advice onto his successor, Fred Haise, while still on the 
Moon. 

Though Conrad did not have to haul the tool carrier around, he found he had 
other problems with his hands. “‘I didn’t notice that my hands got tired as much as I 
noticed that they got sore. When you work for four hours and use your hands, you 
have a tendency to press the end of your fingertips into the end of the gloves. 
Although my hands never got stiff or tired, they were quite sore the next day when 
we started the second EVA.” 

Bean pointed out another phenomenon in his gloves when working with the tool 
carrier. ‘““Hey, one thing I’ve noticed, Houston, carrying the tools. You don’t feel any 
of the temperature here. Sun’s out nice and bright, but it’s nice and cool in [the suit]; 
except when you’re carrying something metal, like the hand tool carrier, or the 
shovel, or something. Then your hand starts to get warm.” At first, he attributed this 
to the metal being heated in the direct sunlight, but he later reassessed the cause. 
“Maybe it isn’t that the tool is hot. When you grip your hand around there, then the 
air can’t flow in your hand area any more. So your hands don’t have the air 
circulation they normally do. Before, they were just kind of floating in the middle 
and the air’s being blown around. But once you grip, then the air can’t get down in 
there.” 


“Okay. Another crater.” 

Navigation on the lunar surface was of no concern to Armstrong and Aldrin. They 
never ventured more than 60 metres from the LM. But as the crews of Apollos 12 
and 14 made their H-mission traverses it became increasingly difficult to tell where 
they were as they roamed further on foot to locate features of scientific interest that 
geologists had identified from aerial photographs. At close quarters, the lunar 
surface is remarkably homogenous, especially on the plains. Huge areas consist of 
little more than large, time-worn craters pockmarked with smaller craters, all 
covered with a ubiquitous layer of grey dust and shattered rock. 

The issue came to a head as Al Shepard and Ed Mitchell set off to reach the rim of 
Cone Crater, their primary scientific target. Seen from above, Cone was a majestic 
1,000-metre-wide hole in the ground but it was surrounded by a landscape that, at a 
human scale, was unrelentingly undulating. Worse, they had to climb a rough slope 
to reach it and since from their perspective atop the ridge the far rim of the crater 
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was lower than its near rim, it would remain invisible until they were almost at its 
edge. It had been thought that the crater would have a raised rim that would make it 
easy to locate. 

“Okay. We’re really going up a pretty steep slope here,’”’ puffed Mitchell as his 
heart rate peaked at 128 beats per minute. 

“Yeah. We kind of figured that from listening to you,” said Fred Haise in 
Houston. The heart rate of Shepard, a much older man at 47, had just risen to 150 as 
the effort of their climb and the frustration of their inability to locate the rim of Cone 
began to tell. 

As the two laboured up the ridge, they pulled a little hand cart, the modular 
equipment transporter (MET) which was the engineers’ answer to the shortcomings 
of the hand tool carrier. It not only provided a place for the tool carrier, it allowed 
a much larger range of tools to be taken on a walking traverse as well as cameras, 
film magazines and sample bags; and it permitted a greater weight of rock to be 
returned to the LM. The MET rolled along on two rubber tyres pressurised with 
nitrogen. It was of some surprise to the crew that the wheels did not throw up 
rooster-tails of dust, but rather formed smooth ruts in the soil that reflected the 
Sun when viewed into the light. Included with the MET was a magnetometer to 
measure the local magnetic field at points along the way to Cone. Its sensors were 
mounted on a tripod which was deployed on the end of a 15-metre cable. After 
allowing time for the unit to settle, readings were gathered from a unit on the MET 
itself. 


The modular equipment transporter, photographed from the window of Antares, the 
Apollo 14 lunar module. (NASA) 
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“T thought the MET worked very well,” said Shepard after the flight. ‘It enabled 
us to operate more efficiently than we would have otherwise.” 

Mitchell agreed. ‘““We would have been in real trouble trying to move all that stuff 
out with just a hand tool carrier, and still get the same amount of work done.” 

Thick soil and an increasing incline were adding to their difficulties. ““The grade 
is getting pretty steep,’ warned Mitchell, clearly breathing heavily. ‘““And the soil 
here is a bit firmer, I think, than we’ve been on before. We’re not sinking in as 
deep.” 

“That should help you with the climb there,” said Haise encouragingly. 

“Yeah. It helps a little bit.” 

Shepard had another way of making the climb easier. 

“Als got the back of the MET now, and we’re carrying it up. I think it seems 
easier.” 

“Left, right, left, right,’ prompted Shepard as he tried to quicken their progress 
up to Cone. 

The backup crew of Gene Cernan and Joe Engle were listening in next to Haise. 
“‘There’s two guys sitting next to me here that kind of figured you’d end up carrying 
it up.” 

“Well, itll roll along here,” explained Mitchell, “except we just move faster 
carrying it.” 

Always mindful of the need to return before their consumables ran out, and 
having already awarded a 30-minute extension, mission control enquired of their 
progress. 

“Al and Ed, do you have the rim in sight at this time?” 

“Oh, yeah,” confirmed Mitchell. 

“It’s affirmative,”’ said Shepard. “It’s down in the valley.” 

But they had misheard ‘rim’ as ‘LM’. 

“Tm sorry,” said Haise. ““You misunderstood the question. I meant the rim of 
Cone Crater.” 

“Oh, the rim. That is negative,” said Shepard. ‘“We haven’t found that yet.” 

The problem they faced was that they were being fooled by the terrain that 
surrounded the crater and, by heading for the highest ground, they were being 
taken south, to one side of their goal. They were not lost in the strict sense of the 
word. The LM was easily visible from their elevated route and there would be no 
difficulty in finding their way back. On behalf of mission control, Haise called a 
halt to the quest. “Ed and Al, we’ve already eaten in our 30-minute extension and 
we’re past that now. I think we’d better proceed with the sampling and continue 
with the EVA.” 

It was a bitter moment for the two explorers. They had come 400,000 kilometres 
to the Moon and had laboured uphill for over a kilometre to sample the deepest 
ejecta from the rim of Cone Crater. The superficial metric of their success would 
have been to take possibly spectacular pictures that looked across the crater to its far 
rim. 

“Tt was terribly, terribly frustrating,” remembered Mitchell twenty years later, on 
how it felt to have seemed to have failed. “Coming up over that ridge that we were 
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Antares’s 
descent stage 


Shepard and Mitchell’s route up the flank of the ridge to reach Cone Crater. Site 
photograph by Lunar Reconnaissance Orbiter in 2009. (NASA) 


going up, and thinking, finally, that was it; and it wasn’t — suddenly recognizing that, 
really, you just don’t know where the hell you are. You know youw’re close. You can’t 
be very far away. You know you got to quit and go back. It was probably one of the 
most frustrating periods I’ve ever experienced. There’s no feeling of being lost. I 
mean, the LM is there; we can get back to the LM. It’s not reaching and looking 
down into that bloody crater. It’s terribly frustrating.” 

Like most of the Apollo astronauts, Mitchell came from a high-achieving military 
background and was used to reaching goals that had been set. This particular goal 
was also the pinnacle of a crewman’s career and the apparent failure was a blow to a 
pilot’s pride. But in truth, Apollo 14 admirably fulfilled the scientific task it had been 
set. Their objective was to gain deep samples from the rim of Cone and since their 
closest sampling point was later established to be only about 30 metres from the true 
edge of the 1,000-metre crater, they had, without realising it, been successful. 


Recharging the PLSS 

Except for Apollo 11, surface crews had an important item of housekeeping to 
perform once they had returned to the relative safety of the LM’s cabin, namely to 
replenish their PLSSs if they had another EVA scheduled. Oxygen and water tanks 
had to be refilled — oxygen for breathing and water for cooling. Batteries for power 
and lithium hydroxide canisters for carbon dioxide removal had to be replaced. The 
Apollo 12 crew were the first to carry out these procedures and the engineers saw a 
chance for a data point. 
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The early missions tended to be pathfinders for the later extended missions and 
it was important to know just how long the consumables in the PLSS had lasted in 
true lunar conditions as opposed to rehearsals on Earth. The crew could monitor 
oxygen consumption on their RCU displays and indications of a crewman’s 
metabolic output could be inferred from the biomedical data that was telemetered 
to Earth. What was missing was an indication of how much water had been 
consumed by the sublimator during the EVA to keep a crewman cool, so Conrad 
and Bean were tasked with weighing the remaining water after their first 
moonwalk. However, Conrad was none too enamoured with the equipment 
supplied for the job. 

“Houston, you'll never believe what we have been doing for the last 35 minutes.” 

“Go ahead,” said Gibson, the Capcom in mission control. 

“T am going to take this 35-cent scale that they sent out here to weigh these bags 
with and break it over somebody’s head!” 

NASA had supplied an off-the-shelf spring scale designed for Earth’s gravity with 
the idea that a lunar measurement would require it merely to be scaled appropriately. 
But one feature had been overlooked, as Conrad explained after the flight. ‘“The 
scale ought to have been set to zero. If anybody had thought about it, including 
myself, the spring tension in the scale itself was never zero in one-sixth g. As I 
unscrewed it to zero, I unscrewed it all the way, and the screw, the spring and 
everything disappeared into the bottom of the scale. We had some difficulty putting 
that baby back together again.” 


Night time on a sunlit world 

The lunar day, as measured from sunrise to sunset, lasts for about 14 Earth days and 
therefore, the crew’s circadian rhythm had to be maintained artificially. When it was 
time to sleep, the best that could be done was to put shades up over the LM’s three 
windows while the unfiltered Sun, rising slowly in the east, beamed down on the 
spacecraft’s exterior. 

Unfortunately, the first three crews on the surface had to remain in their suits 
for the duration of their stay. The LM’s operational lifetime was very short, there 
was concern about the effect of dust on the zippers and the additional time required 
to get out of and back into their suits was considered too expensive. They simply 
had to endure an uncomfortable rest period. Once Armstrong and Aldrin had 
discarded their PLSSs out of the cabin, they could arrange things for the night. 
Aldrin lay across the floor in front of the hatch, his knees bent to allow for the 
confined space. Armstrong perched himself on top of the ascent engine. His head 
was towards the back of the cabin near a noisy coolant pump while his legs dangled 
above Aldrin supported by a lash-up he had fashioned from a cord in the 
spacecraft. 

Their attempt to put the lights out was less than successful. Armstrong noted after 
the flight that, on top of the fact that the shades turned out to be not as opaque as 
they would have liked, there were several warning lights and luminous switches that 
could not be dimmed. And there was a final, more troublesome source of light. 
“After I got into my sleep stage and all settled down, I realised that there was 
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something else shining in my eye. It turned out to be that the Earth was shining 
through the [telescope] right into my eye. It was just like a light bulb.” 

They had elected to sleep with their helmets on in an attempt to limit the noise 
from the spacecraft and to keep from breathing the pervasive dust. But now that they 
had settled down and were no longer active, they began a battle with the 
environmental control system to stay warm. ““We were very comfortable when we 
completed our activities and were bedded down,” continued Armstrong. “After a 
while, I started to get awfully cold, so I reached in front of the fan and turned the 
water temperature to full up. It still got colder and colder. Finally, Buzz suggested 
that we disconnect the water, which I did. I still got colder. Then, I guess, Buzz 
changed the temperature of the air flow in the suit.” 

The next two crews fared only a little better, even though they didn’t get cold, 
thanks to procedural changes after Apollo 11, and they had hammocks across the 
cabin to make their rest more comfortable. Conrad had made a small error with the 
sizing of his suit shortly before the flight and he paid for it during his rest period with 
the resultant pressure on his shoulders. Bean then spent an hour making adjustments 
to the legs of Conrad’s suit to relieve the pressure. 

Bean also struggled to get some proper rest as he explained after the flight. “I 
think I didn’t sleep well because I was just nervous and excited.’’ However, there 
was a solution in the medical kit, if he chose to use it. “If I did it over again, I 
would take a sleeping pill on the Moon.” Bean’s explanation hinted at the issues 
NASA would have to deal with before the J-missions began, each involving three 7- 
hour EVAs. “‘T felt like I was tired towards the end of the second EVA and I felt 
like it wasn’t from the physical effort. It was from the lack of good sleep. I didn’t 
take the pill because it was not a macho thing to do, [but] I felt like I was really 
running out of gas.” 

The problem for the Apollo 14 crew was that the LM had settled with a 7° tilt that 
was enough to upset their sense of up and down in the dark, as Mitchell described 
after the flight: ‘““We both had the feeling throughout the night that the blasted thing 
was trying to tip over on us. Actually, we got up and looked out the window a couple 
of times to see if our checkpoints were still right where they were supposed to be.” 

Whereas the first three landings got away with a single rest period on the Moon, it 
was NASA’s intention that the J-mission crews would stay on the surface for up to 
72 hours. If a crew were to be expected to work at a high level of physical effort and 
mental concentration; to make a landing, spend three days on the surface and then 
guide their ascent stage to rendezvous with the CSM then, during three rest periods 
on the Moon, the suits were going to have to come off. 

To practise for this, Scott and Irwin even stayed a full night in the LM simulator 
in Florida starting with a simulation of a landing. “We had it as high a fidelity as we 
could possibly get it. So we had everybody put everything in the simulator down to 
the last detail.’’ He continued, ‘‘We got a terrible night’s sleep. I mean, boy, that’s 
crummy, trying to sleep in those hammocks in one g in that little thing. We did the 
suit doffing and everything. Of course, the suit doffing was such a pain, anyway, 
especially in one g. But it really paid off because, when we got to the Moon we were 
very comfortable in doing that sort of thing.” 
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Doffing the suits made all the difference to sleeping in the LM. Crews found one- 
sixth-g to be very comfortable as they had enough weight to lie normally in the 
hammocks but not enough to cause pressure points. “I slept much better on the 
lunar surface than I did in orbit,”’ remembered Jack Schmitt. ‘““One-sixth gravity is a 
very pleasant sleeping environment with just enough pressure on your back in those 
hammocks to feel like you’re on something but not enough to ever get 
uncomfortable. I slept but my impression was that I only needed about five hours 
sleep to feel rested whereas ordinarily on Earth at that time I usually felt that I could 
use seven. But I think that’s related mainly to the lower gravity environment. You 
just don’t get physically as fatigued as you would on Earth. You get as fatigued 
mentally — obviously you’re working just as hard with your neurons — but physically 
you don’t work as hard.” 


THE LONELY WORLD OF THE CMP 


With the departure of his two crewmates to the lunar surface, the CMP had a bigger 
space in which to move around so life on board the Apollo command module 
became somewhat more comfortable. Michael Collins elaborated on this extra space 
in his autobiography. 

“T have removed the centre couch and stored it underneath the left one, and this 
gives the place an entirely different aspect. It opens up a central aisle between the 
main instrument panel and the lower equipment bay, a pathway which allows me to 
zip from upper hatch window to lower sextant and return.”’ One reason that Collins 
created this extra room in the cabin was in case his crewmates returned and found 
they could not get through the tunnel for whatever reason. All three men would be in 
their space suits and the two surface explorers would enter through the main hatch, 
clutching boxes full of rocks. Collins appreciated the extra room now afforded him: 
“In addition to providing more room, these preparations give me the feeling of being 
a proprietor of a small resort hotel, about to receive the onrush of skiers coming in 
out of the cold. Everything is prepared for them; it is a happy place, and I couldn’t 
make them more welcome unless J had a fireplace.” 

Collins had a relatively short time alone in the command module, and much of it 
was spent on housekeeping duties or looking through the sextant in vain to find his 
colleagues on the surface. He also found that there was very little time available to 
speak with mission control. Only one communication channel was available between 
the Moon and Earth through a single Capcom and this was being dominated by the 
large amount of chit-chat from the guys on the surface as they talked to mission 
control and to each other. This became somewhat problematic as the needs of the 
orbiting CSM and its sole occupant vied for time on a link that was already busy 
with the important task of keeping two men alive and working on the surface of an 
airless world. 

Richard Gordon on Apollo 12 had a similar experience, except that he had no 
problem finding the LM, given Pete Conrad’s pinpoint landing. Towards the end of 
Gordon’s time alone in the CSM, he did get to push the science possibilities of the 
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orbiting spacecraft a little when he operated a cluster of four Hasselblad film 
cameras mounted on a ring, each loaded with black-and-white film and each 
shooting through a different filter. This cluster was attached to the hatch window 
and allowed him to photograph the surface in red, green, blue and infrared light. The 
idea was to detect subtle hue variations across the surface that would relate to the 
composition of the soil. Telescopic studies had shown that some mare surfaces had a 
slight reddish tinge while others were bluish. A similar experiment had been 
attempted on Apollo 8 when Bill Anders photographed the maria through red and 
blue filters. However, excessively fatigued, Anders had inadvertently installed a 
magazine of colour film on the camera instead of the black-and-white magazine 
required by the experiment. 

After Apollo 12, NASA decided that the increasing complexity of the missions 
required there to be two Capcoms, one for each spacecraft. This was readily achieved 
since the MOCR was already partially divided between the LM and CSM 
monitoring functions and there were separate consoles for the LM systems (Control, 
who looked after the LM’s guidance systems and engines, and TELCOM, later 
TELMU, who oversaw its electrical and environmental systems, much as EECOM 
did for the CSM). 

As their crewmates laboured on the surface dealing with suits and geology in the 
Moon’s dust pit, the CMPs handled an incessant programme of data collection and 
observation, while they simultaneously cared for the spacecraft. In addition to their 
planned tasks, it was not unusual for the CMP to deal with requests from geologists 
for yet another observation, or for a flight controller to seek clarification of a nuance 
of the CSM’s operation. This could create a steady chatter over the airwaves during 
each pass across the near side. 

“It turned out that my favourite experiment in orbital science was the bistatic 
radar,” said Ken Mattingly after his Apollo 16 flight. This experiment used the 
spacecraft’s communication antenna to beam radio energy at the Moon as the 
spacecraft passed across the near side while radio telescopes on Earth received the 
echoes. To work, the signal from the antenna transmitted only a carrier wave and 
therefore could not carry information. ‘““That meant the ground couldn’t talk to me 
for an hour and a half. I had a chance then to go to the bathroom, eat dinner, and 
get an exercise period or look at the flight plan. I think you really need those kind of 
periods every now and then throughout the day.” 

Occasionally the CMPs got time to enjoy the view and the experience of coasting 
across the Moon alone. Owing to the easterly position of the Apollo 17 landing site, 
most of the near side track was in lunar night, but it was a night time lit by an Earth 
that was much larger and far brighter than the Moon appears to us. “Boy,” reported 
Ron Evans, “‘you talk about night flying, this is the kind of night flying you want to 
do, by the ‘full’ Earth.” 

“Ts that right?” said Mattingly, now in the Capcom role in the MOCR. 

“Beautiful out there,” said Evans as he watched the ancient landscape of the 
Moon drift by, illuminated by the soft blue-white glow of his home planet. 

As America coasted over to the western limb, Mattingly warned that when Evans 
came back around he would read up a lengthy series of updates to the flight plan to 
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satisfy the geologists’ desire for further photographic coverage. He then asked for a 
stir of the spacecraft’s hydrogen tanks. It was December 1972, midwinter on Earth’s 
northern hemisphere. 

“You're lucky you’re up there tonight, Ron. We’re having really ratty weather 
down here. Low clouds and rain and drizzle and cold,” said Mattingly. 

“Oh, really?” replied Evans as he approached the edge of Mare Orientale, a 
spectacular impact basin barely visible from Earth and unrecognised until the 1960s. 

“Yes. You walk outside, you just about can’t see the top of building 2.” 

“Gee whiz! Guess I picked a good time to be gone,” said Evans. 

“That’s for sure.” 

Evans was enjoying the view when he spotted a flash on the surface, probably a 
meteor strike. “Hey! You know, you'll never believe it. ’'m right over the edge of 
Orientale. I just looked down and saw a light-flash myself.” Jack Schmitt had seen a 
similar flash just after they had entered lunar orbit. 

“Roger. Understand,” replied Mattingly. 

“Right at the end of the rille that’s on the east of Orientale.” 

On Apollo 15, Al Worden figured that since he was going to be reappearing 
from around the Moon’s far side every two hours, it would be a fitting gesture to 
greet the planet in a variety of languages to make explicit that he was greeting the 
whole Earth and its inhabitants, not just its English speakers. With help from his 
geology teacher, Farouk El-Baz, he wrote down the words, “Hello Earth. 
Greetings from Endeavour.’ phonetically in a selection of tongues. Then, as he 
re-established communication with Earth, assuming that the pressure of work had 
relented enough, he would choose one of these languages as his way of greeting the 
world. 

Worden found his time alone in the CSM to be busy but not unpleasant. When 
asked about how hard mission control would drive him after his rest break, he said, 
“Tt was not generally difficult to begin work in the morning, because I was usually 
awake by the time they called. Also, I spent roughly half [of my] time on the back 
side of the Moon, and so I had about an hour each revolution when I could not talk 
to Houston in any event. I was up and going before talking to Houston because I did 
not sleep that much during the orbital phase.” 

Another time, he recalled, “My impression of the operations of the spacecraft was 
one of complete confidence in the equipment on board. Things worked very 
smoothly, and I didn’t have to keep an eye on all the gauges all the time. The rest of 
the spacecraft ran just beautifully the whole time. The fuel cells ran without a 
problem. In fact, everything ran just beautifully, and I really had no concern for the 
operation of the spacecraft during the lunar orbit operations.” 


Just being human 

Everyone involved in Apollo’s exploration of the Moon was acutely aware that time 
on the lunar surface, or in lunar orbit for that matter, was gained at extraordinary 
expense, was extremely precious and had to be carefully rationed to gain maximum 
scientific return. Nonetheless, the human dimension, the sense of the occasion or our 
innate tendency to lighten things up a bit often managed to shine through. Every 
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crew left objects behind, perhaps for future visitors to find or maybe just in the 
knowledge that something meaningful had been left behind on that extraordinary 
world. Like Worden’s greetings, Evans’ joy at flying in Earthlight or an impromptu 
ballet display that Jack Schmitt indulged in on the lunar surface, there would be 
moments of humanity that would turn these periods of relentless data gathering into 
something to which a wider audience could relate. 

As would be expected, Apollo 11’s brief EVA was crammed with activity. 
Armstrong and Aldrin had to hustle to get everything done but time was set aside for 
a conversation between the crew and President Richard Nixon who spoke from the 
White House. Then, after they had conveyed their gear and samples up to the LM, 
Armstrong remembered one other item. ‘““How about that package out of your 
sleeve? Get that?’ He was still on the surface and Aldrin was in the cabin receiving 
the gear. 

“No.” 

“Okay, Ill get it when I get up there.” 

“Want it now?” asked Aldrin. 

“Guess so.” 

Aldrin removed the package from one of his sleeve pockets and tossed it down to 
the surface where Armstrong positioned it with his foot. 

“Okay?” 

“Okay,” replied Aldrin, both men happy with its placement. The pouch contained 
patches and medals to honour space travellers — Russian and American alike — who 
had died, a gold olive branch to represent Apollo 11’s peaceful goals and a small 
silicon disk etched with messages from world leaders. 

The seriousness of Apollo 11 gave way to the exuberant fun of Conrad and Bean 
just four months later. Their big idea was to smuggle a timer on board that would 
have operated their Hasselblad camera with a time delay. This would have allowed 
both crewmen to pose in front of the Surveyor 3 probe. They took great care to 
ensure the timer got to the Moon but when it came time for their surreptitious 
photograph, they could not locate it in the bag where it lay. By this time, the bag was 
full of rocks and copious quantities of the tenacious dust that covered everything. 
Later, as they dumped the contents of the bag into a rock box next to the LM, the 
timer appeared. ““That was when we should have done it,” recalled Bean years later. 
““We’d have had the LM in the background. We could have shook hands in front of 
the LM. It’d be the end of the EVAs. Been a great picture.” 

On Apollo 14, Al Shepard’s passion for golf inspired his stunt. Facing the TV 
camera at the end of his final EVA, he launched into his demonstration. ““You might 
recognize what I have in my hand as the handle for the contingency sample return; it 
just so happens to have a genuine six iron on the bottom of it. In my left hand, I have 
a little white pellet that’s familiar to millions of Americans.” 

Shepard dropped the smuggled golf ball and prepared to take a shot. The 
constraints of the suit forced him to swing his improvised golf club with one hand 
and on his first attempt he merely buried the ball in the dust. 

“You got more dirt than ball that time,’ observed Ed Mitchell. 

“Got more dirt than ball,’ agreed Shepard. ‘““Here we go again.” 
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The final resting places of one of Shepard’s golf balls and Mitchell’s ‘javelin’. (NASA) 


His second shot connected to move the ball about a metre, though in the wrong 
direction. 

“That looked like a slice to me, Al,” said Fred Haise in Houston. 

“Here we go,” said Shepard. ‘Straight as a die; one more.” 

He was successful at the third attempt and also gave a second ball a clean hit, 
sending them both soaring into the distance. 

“Miles and miles and miles,’’ he said as the second ball flew off. 

“Very good, Al,” said Haise. 

Mitchell also tried a little sporting activity during their final moments when he 
threw the support for the solar wind experiment, javelin style, as far as he could. 
Both the javelin and one of Shepard’s golf balls ended up in a small crater about 25 
metres away. 

After Shepard’s indulgent golf swing, David Scott focused on science in his 
earnest demonstration of high-school physics. He and Joe Allen, his Capcom during 
his surface exploration came up with the idea of dropping a hammer and feather 
simultaneously to show viewers that, as predicted by well established theory, both 
masses would fall at the same speed. Scott was worried that static electricity might 
ruin the experiment and had brought two feathers, one to rehearse with and one for 
the TV. In the event, he did not have time for the trial run and hoped it would work 
first time, which it did. Allen was subsequently responsible for a chapter in Apollo 
15’s Preliminary Science Report that summarised the scientific results of the mission. 
Among the more obscure descriptions of the various experiments and investigations 
was this paragraph, written with perhaps a hint of tongue-in-cheek humour: 


“During the final minutes of the third extravehicular activity, a short 
demonstration experiment was conducted. A heavy object (a 1.32-kg aluminum 
geological hammer) and a light object (a 0.03-kg falcon feather) were released 
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simultaneously from approximately the same height (approximately 1.6 m) and 
were allowed to fall to the surface. Within the accuracy of the simultaneous 
release, the objects were observed to undergo the same acceleration and strike 
the lunar surface simultaneously, which was a result predicted by well- 
established theory, but a result nonetheless reassuring considering both the 
number of viewers that witnessed the experiment and the fact that the homeward 
journey was based critically on the validity of the particular theory being tested.” 


Playing with gravity was the theme of John Young’s signature stunt on Apollo 16. 
During their first EVA, when he and Charlie Duke were working around the LM, 
they took time out for the almost obligatory tourist shot of each crewman saluting 
next to the Stars and Stripes. 

“Hey, John, this is perfect,”’ said Duke gleefully, “with the LM and the rover and 
you and Stone Mountain. And the old flag. Come on out here and give me a salute. 
Big Navy salute.” 

“Look at this,” said Young. 

He worked his arm so the suit’s cables would permit a salute then promptly 
launched himself nearly half a metre off the ground. Young’s total mass was about 
170 kilograms including his suit and PLSS. But on the Moon it felt more like 30 kg 
and with barely a twitch of his legs and feet, he jumped a second time. Duke took a 
photograph at just the right moment to show Young apparently floating above the 
lunar surface. 

As they wrapped up their final EVA, Young and Duke decided to take lunar 
athletics a stage further. Using the rover to steady himself, Young began to jump, 
getting higher each time until he reached a height of 70 centimetres. “We were gonna 
do a bunch of exercises that we had made up as the Lunar Olympics to show you 
what a guy could do on the Moon with a back pack on, but they threw that out.” 

“For a 380-pound guy, that’s pretty good,” said Tony England, their Capcom. 

Having seen his commander go ahead with some simple athletics, Duke decided to 
join in with a leap of his own. ““Wow!”’ he exclaimed as he saw how high he could rise 
but as he descended, he realised that he had imparted a little backwards rotation. In 
his slow-motion fall, and with a moment of fear and panic welling up inside, he 
realised that he was going to fall onto his PLSS. 

“Charlie!” called Young. The PLSS was not designed to take a fall like this. 

“That ain’t any fun, is it?’ said Duke sheepishly as he lay on his PLSS facing 
upwards. 

“That ain’t very smart,” pointed out his commander. 

“That ain’t very smart,” agreed Duke trying unsuccessfully to turn over. “Well, 
I’m sorry about that.” 

Young saw how much dust he was going to have to brush off Duke’s suit. ‘Right. 
Now we do have some work to do.” 

““Agh! How about a hand, John?” 

All the crews took a childish delight at throwing things in the weak lunar gravity. 
They were especially impressed at how bulky but light items like sheets of plastic foil 
would sail off in perfect ballistic trajectories undamped by air resistance. At the end 
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of the final EVA on the Moon’s surface, Gene Cernan saw a chance for a really good 
throw. He and Jack Schmitt shared a geology hammer and there was now no further 
use for it. “You ready to go on up?” he asked of Schmitt. 

“Well, I don’t know,” replied Schmitt who then rattled off a list of further tasks 
remaining. 

“Well, watch this real quick.” 

When Schmitt saw what Cernan was about to do with their one geology hammer, 
his own boyish instinct kicked in. ‘“‘Oh, the poor little... Let me throw the hammer.” 
After all, he was the geologist. It only seemed correct that he should get to throw the 
geology hammer. 

Cernan acceded. “It’s all yours. 
You deserve it. A hammer thrower. 
Yow’re a geologist. You ought to be 
able to throw it.” 

Schmitt took the hammer away 
from the spacecraft and prepared to 
throw it. “You ready?” 

“Go ahead,” said Cernan. 

“You ready for this?’ repeated 
Schmitt, building up to the great 
moment. “Ready for this?” 

“Yeah,” said Cernan, then added 
a warning. “Don’t hit the LM. Or the 
ALSEP.” 

Schmitt brought his arm back and 
swung with his whole body to launch 
the hammer in front of the LM. 

“Look at that!” cried Cernan as 
the hammer arced out over the land- 
ing site, over their footprints and 
their wheeltracks and over all the 
discarded gear they were about to 
leave behind, perhaps for eternity. 
“Look at that! Look at that!” 

After a flight lasting seven sec- 
onds, long enough for Cernan to take 
a series of pictures of its coast, it 
landed halfway to the ALSEP site in 
a plume of dust, where it still lies. 

“Beautiful,” said Schmitt. 

“Looked like it was going a 
million miles,’ said Cernan, ‘“‘but it 
really didn’t.” 

“Didn’t it?” 


Schmitt’s geology hammer coasts above the 
Taurus-Littrow landing site. (NASA) 
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LUNA COGNITA 


The Moon - that inconstant orb; a glorious bright light in our night sky; an ancient 
vehicle for human myths and deities; and now a world become known. For 
thousands of years before the rise of the scientific method, humans gazed at Earth’s 
one natural satellite, wondered at its nature and worked it into their stories as they 
struggled to understand their universe and its impact upon them. It was only with the 
invention of the telescope that the true nature of our satellite world began to be 
revealed. 


Luna’s face 

When casually viewed from Earth, the Moon exhibits a mottling of dark grey 
patches against a lighter grey landscape. What was not realised until Apollo’s rocks 
were returned was that these features are a window into the earliest era of the solar 
system. We now know that the light grey areas, rough and heavily cratered, form 
an extremely ancient highland terrain that dates beyond four billion years ago. The 
dark patches, called mare (pronounced ‘maa-ray’, plural maria), are great plains of 
basalt that solidified from immense effusions of the Moon’s particularly runny lava 
that flowed more than three billion years ago. In many cases, these outpourings of 
molten rock filled large circular basins that had been excavated some time 
previously by cataclysmic impacts. Peppered across its face are bright sprays of 
material that emanate from some of the craters. These are rays of ejecta — shocked 
and pulverised rock thrown out from more recent high-speed collisions by 
somewhat smaller bodies. Given immense time, these rays will fade and darken to 
match their surroundings. 


The road to knowledge 
On the Isle of Lewis, part of an archipelago off Scotland’s west coast, ancient 
peoples constructed an arrangement of huge stones which survives to this day near 
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The Standing Stones at Calanais, Scotland, perhaps an ancient lunar computer. 


the village of Calanais (pronounced ‘callan- 
ish’). This impressive 5,000-year-old monu- 
ment is believed by some to have been a means 
of predicting the more subtle motions of the 
Moon across the sky over an 18-year cycle. If 
true, then its Neolithic builders seem to have 
imbued the Moon with a spiritual significance 
that caused them to devote major resources to 
its construction. 

Down the centuries and all across the 
planet, peoples have portrayed the Moon as 
a deity. The Greeks associated its changing 
appearance with three goddesses; Selene, He- 
cate and Artemis. The Romans likewise looked 
to Luna and Diana. Despite this deification of 
the Moon, one Greek philosopher, Hip- 
parchus, was able to determine its distance 
and size by clever interpretation of naked-eye 
observations. It would be nearly 1,500 years 
before Europeans learned to stand on the 
shoulders of Hipparchus by applying scientific 
principles to the gaining of knowledge. 

Four hundred years ago, Galileo Galilei 
Galileo’s 1610 drawings of the acquired an early version of the telescope and 
Moon. the first depiction of the turned it towards the Moon. His written 
rugged lunar landscape. descriptions and drawings reveal that he saw 
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it not as a perfect celestial body that merely reflected the imperfect landscape of 
Earth, as some of his contemporaries believed, but as a world in its own right, with 
plains, highland areas and ranges of mountains. Although he, like others, called the 
dark areas ‘seas’, his perception was sufficiently developed to suggest that they were 
just as likely to be dry plains. 

As the telescope and its use increased in sophistication, a series of maps were 
drawn by ever more capable selenographers, notably by Giovanni Riccioli who 
instituted the scheme of nomenclature that is used today and which has gradually 
evolved to name most of the large features that can be seen from Earth. The finest 
maps of the pre-photographic age were drawn by Wilhelm Beer and Johann Madler 
in Germany using a telescope equipped with a micrometer to measure features using 
cartographic techniques. After its invention in the mid-1800s, photography became 
the staple medium of lunar research and good atlases were produced to show the 
near side with oblique lighting that displayed lunar topography well. 

The question that most intrigued lunar scientists concerned the origin of craters — 
circular landforms that appeared ubiquitous on the Moon and whose sizes ranged 
from many hundreds of kilometres down to the limits of detection. Craters could be 
found on Earth, although their size seemed to be limited to a few kilometres at most, 
and all were associated with volcanoes. Many tried to bend the volcano hypothesis 
to explain the origin of lunar craters but it was a geologist, Grove Karl Gilbert, who 
postulated accurately that the major process responsible for the lunar landscape was 
impact, sometimes on an utterly cataclysmic scale. Volcanism did occur and was 
responsible for laying down the vast mare plains, but there are no volcanic edifices 
on the Moon that would rival a Mount Fuji, Mount Kilimanjaro, Mount Vesuvius 
or Mount Etna. Instead lunar volcanism produced low mounds with small vents at 
their summits. 

Gilbert’s work was not fully acknowledged by the lunar science community for 
decades, but this difficulty in accepting the new occurs in science far more often than 
many people realise. Too many scientists were wedded to their grand imaginings of 
massive volcanic events to grasp how time and a rocky rain from space could form 
such consistent structures. They reasoned that if craters came from falling rocks, 
they should arrive from many angles and produce elongated craters. Lunar craters 
were notable by their circularity. 

Generally, astronomers don’t like the Moon. Its shine swamps the feeble light 
they are trying to capture from immensely distant objects. However, they often use 
the Moon as a handy target when new telescopes are being tested. Thus, in the 
second decade of the twentieth century, an exquisite photograph of the impressive 
crater Copernicus was taken during tests of the 2.54-metre Hooker Telescope at 
Mount Wilson. At the turn of the 1960s, Eugene Shoemaker used this photograph to 
carry out an elegant study of crater morphology. His investigation finally drove 
home the importance of impact as the prime sculptor of the Moon’s face. The study 
was coupled with findings from ballistic trials that demonstrated how the extremely 
violent explosions that resulted from cosmic impacts would produce circular craters 
for all but the most oblique impacts. Related studies of the manner in which rock 
becomes shocked by impact enabled sites of terrestrial impacts to be identified. One 
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significant product of this knowledge was the dawning realisation that impact is still 
reworking not only the surface of the Moon, but also the surface of Earth. 

As the space age developed and Cold War politics aimed the United States to the 
Moon, lunar scientists found themselves with an undreamt-of opportunity to extend 
their discipline which, up to that point, had accomplished about as much as could be 
achieved using Earth-bound photographs made blurry by the roiling atmosphere. 
NASA was aware of the bureaucratic danger of justifying its existence only on 
Kennedy’s political whim, so it turned to science as a valid, long-term rationale for 
flying men to the Moon. Although the primary driver for Apollo was international 
prestige and technical supremacy, science would give the crew of the first mission 
something useful to do after planting the national flag, and it would then go on to 
underpin the missions that followed. 


UNMANNED PROBES 


In 1959, the Soviet Union continued a habit of achieving space firsts when they took 
the first images of the Moon’s far side. Though grainy and of low resolution, these 
were sufficient to show a dearth of mare landscape. They added to their tally when 
they softlanded a probe in early 1966 and returned the first picture from the surface. 

However, it was the American unmanned missions that gained prominence in 
acquiring high-grade knowledge of the Moon prior to the Apollo programme. In the 
process, NASA learned how to design reliable spacecraft for the lunar environment 
and how to operate them from a distance. For a manned landing to be attempted, as 
Kennedy had directed in 1961, it was essential that the engineers designing the lunar 
module be aware of the nature of its surface. The best Earth-based images at the time 
showed features no smaller than about a kilometre across, and were hardly suitable 
for finding rocks and slopes that 
could topple a lander. 

NASA initiated the Ranger 
project to take their first close 
look at the lunar surface. In its 
final form, Ranger was a simple 
probe; little more than a platform 
for slow scan television cameras 
that imaged the Moon as it fell at 
cosmic speed to its doom. I[niti- 
ally, the series had little success 
because either the launch vehicle 
or the probe itself would fail 
before the target was reached. 
NASA were on a steep learning 
curve about how unforgiving the 
practice of operating rockets and 
spacecraft could be, but these The Ranger spacecraft. (NASA) 
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failures taught them about the need 
for extremely high reliability in the 
design and construction of spacecraft 
and their launch vehicles. Three space- 
craft in the series eventually met with 
success, beginning with Ranger 7’s 
impact on a patch of mare west of 
the centre of the Moon’s visible face. 
In view of our new knowledge of its 
surface, this previously unnamed area 
between the vast Oceanus Procellarum 
(Ocean of Storms) and Mare Nubium 
(Sea of Clouds) was renamed Mare 
Cognitum (Known Sea). Ranger 8 was 
targeted at another smooth area in the 
southern stretches of Mare Tranquilli- 


Ranger 9’s target, the crater Alphonsus. One tatis, just east of the meridian, that 
frame from the descent imagery. (NASA) planners believed might offer a good 
site for a future manned landing. 


The final probe in the series, 
Ranger 9, was given over to the scientists who programmed it to dive into 
Alphonsus, a large, distinctive crater near the centre of the Moon’s disk. They were 
particularly interested in a number of unusual dark patches within the crater which 
appeared to be the result of volcanism. This mission was also of interest to 
commercial TV networks, which broadcast the spectacular live images streaming 
back from the spacecraft so that the public could watch its suicidal dive in real time. 
The final frames from these probes showed surface features as small as half a metre 
across and, to the relief of the lunar module designers, the presence of large rocks 
sitting on the soil strongly suggested that the surface would be able to support a LM. 
Ranger’s plummet to the lunar surface could yield only limited coverage. Apollo’s 
planners wanted to survey large areas of the equatorial near side for possible landing 
sites and for landmarks to aid navigation. They also wanted high-resolution images 
of a number of sites to certify them for human visits. Meanwhile, scientists wanted 
imagery from across the entire Moon in order to improve their understanding of its 
complexities. The unimaginatively named ‘Lunar Orbiter’ series were able to achieve 
both of these tasks in a single year of operations. This was a much more 
sophisticated probe. It went into a controlled elliptical orbit around the Moon that 
had its perilune over the near-side equatorial zone. It photographed the surface with 
two cameras, one of which could capture surface details as fine as a metre across. Its 
imaging system chemically processed photographic film on board and later scanned 
and transmitted it to Earth. All five probes in the series were successful, although the 
first suffered operational problems that limited its usefulness. By the time Lunar 
Orbiter 5 was intentionally crashed to clear the way for Apollo, almost the entire 
surface had been mapped, with much of the near-side equatorial zone imaged at high 
resolution. 
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In the 1960s, Lunar Orbiter IT captured this low-angle view across the central peak of 
Copernicus. Then known as ‘the picture of the century’, this high resolution version was 
recovered 40 years later. (LOIRP/NASA) 


Forty years later, a team of engineers acquired one of the old tape machines that 
had archived the recordings from the Lunar Orbiter transmissions and they nursed it 
back to life. Once they could replay the archive tapes and digitise their imagery, an 
almost impossible feat in the mid-1960s, they were able to coax pictures out of them 
that hugely exceeded the originals. These can be compared to images taken in recent 
years to detect changes in the lunar surface across the decades. 
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The Surveyor 3 spacecraft as photographed by the Apollo 12 astronauts. (NASA) 


Running concurrently with Lunar Orbiter were the last of NASA’s pre-Apollo 
probes, the Surveyors. Their primary task was to prove that a landing could be 
made using a leg technology similar to that being planned for the LM. Seven 
missions were launched, of which five were successful. Most were sent to 
characterise the surface near prospective Apollo landing sites along the equator. 
The final mission was given over to scientists, who sent the spacecraft well south to 
land in the highlands on the ejecta blanket of Tycho, one of the Moon’s most 
prominent craters. 

Though these missions gave NASA a solid overview of the Moon’s topography, 
surface strength and texture in support of a manned landing, a deeper 
understanding of its composition and history had to await the results of the 
Apollo missions. Neither the Rangers nor the Lunar Orbiters went further than 
imaging the Moon in optical wavelengths. No spectral data, not even simple colour 
was obtained and therefore the composition of the lunar soil could not be studied. 
The last three Surveyors did carry small experiments to study the composition of 
the soil. These showed that, based on three sites, the maria soils were basalt-like 
and were richer in iron and titanium, while the highland soil near Tycho was richer 
in aluminium and calcium. This hinted at the bigger picture that would not become 
clear until lunar material returned by astronauts was analysed in terrestrial 
laboratories. 
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APOLLO REACHES THE MOON 


By the time the Apollo missions arrived at the Moon, scientists knew that the Moon 
was a rock-strewn, battered world where very little happened. Sunlight, unfiltered by 
an atmosphere, irradiated its surface making it hotter than any landscape on Earth, 
and after sunset this heat was quickly radiated to space, making it colder than the 
depths of the Antarctic. Scientists had established that the surface was basically a 
rubble layer, called the regolith, that had accumulated over aeons by the incessant 
pounding of incoming hypervelocity meteoroids ranging in size from sub- 
microscopic dust to mountain-sized asteroids and comets. They were sure that 
volcanism on a large scale had created the maria but didn’t know whether it had also 
occurred in the highland regions. They had some theories, largely unsupported by 
hard data, to account for the Moon’s existence and for why Earth should have such 
a large satellite in comparison to its size. 

“Apollo 8, Houston. What does the ole Moon look like from 60 miles?” Capcom 
Gerry Carr could not suppress his desire to ask the obvious question when the crew 
of Apollo 8 came around from behind the Moon on their first pass in orbit. CMP 
Jim Lovell had dreamed of this day from childhood, and took the opportunity to 
reply. It seems unsurprising now, but what he saw was very similar to the view 
anyone can see through a telescope, only from a much closer perspective. “Okay, 
Houston. The Moon is essentially grey, no colour; looks like plaster-of-paris or sort 
of a greyish beach sand.” 

Bill Anders later spoke of his impressions of the Moon’s far side. “The back side 
looks like a sand pile my kids have been playing in for a long time. It’s all beat up, no 
definition. Just a lot of bumps and holes.” 

They were not telling the scientists anything that they did not already know 
from the pictures sent by Lunar Orbiter. Apollo 8 added little to our understanding 
of the Moon, as would be expected of a brief pioneering reconnaissance mission. 
Its role during the 20 hours it spent in lunar orbit was to give its crew and the 
mission control team experience of operating a manned spacecraft in the lunar 
environment. While they were there, they could also inspect two possible landing 
sites on the southern plains of Mare Tranquillitatis. Planners were keen for the 
crew to study them visually from orbit and to inform future crews of what to 
expect, given that they had arranged for these sites to have the same early morning 
illumination that the landing missions would expect. Apollo 10 likewise 
concentrated on operational matters, rehearsing the steps that would lead to a 
landing. Both crews had Hasselblad cameras, and obtained many photographs on 
70-mm film of selected swathes of the lunar surface. Although these covered areas 
already imaged by Lunar Orbiter, Apollo had the great advantage of returning its 
film for processing. 

With Apollo 11, a crewman was left alone to look at the lunar landscape while the 
focus of exploration moved to the surface. 
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SCIENCE ON THE MOON 


The rocks and soil returned by the Apollo 11 crew quickly revealed that not only was 
Mare Tranquillitatis a basalt plain, it was astonishingly old in comparison to typical 
terrestrial rocks. The Standing Stones at Calanais happen to be made of gneiss which 
is among Earth’s oldest rocks at around two to three billion years old. Compare this 
to 3.6 billion years for the Apollo 11 site. Also of surprise to the geologists was the 
presence of particles of anorthosite, a mineral rich in aluminium, among the soil 
samples. Later missions would reveal the importance of this type of rock in decoding 
the Moon’s history. 

Some scientists were none too impressed when Apollo 12 was sent to another 
mare site merely to prove they could land near a defunct probe. It seemed there was 
little to distinguish it from the Apollo 11 site but when the samples were returned, its 
basalts were found to be a half billion years younger, showing that lunar volcanism 
had been active over an extended period. 

Both Apollos 12 and 14, especially the latter, returned samples that came to be 
described as being KREEPy (K is the chemical symbol for potassium, P for 
phosphorus and REE means rare earth elements, and the ‘y’ makes it an adjective). 
The importance of KREEP lies in the fact that these elements are not easily 
incorporated into the crystal lattice of a solidifying rock. Therefore in a large body of 
magma that is slowly solidifying, the last rock to harden will be rich in KREEP and 
this clue would become significant as later missions added further evidence to our 
evolving knowledge of the Moon’s early history. 


Science in the driving seat 

Lunar exploration came of age with the J-class missions of Apollos 15, 16 and 17. 
Traverses on foot to single points of interest gave way to wide-ranging sorties that 
could visit multiple destinations. The crews were carefully coached on the skills of 
field geology and on the need for strict documented sampling of the rocks and soil. A 
powerful illustration of NASA’s move towards a science-based justification for the 
flights was the successful lobbying of the geology community to have a professional 
scientist included on the final Apollo mission. 

To accommodate this expansion of Apollo’s science role, engineers made a series 
of improvements to both the Saturn V launch vehicle and the Apollo spacecraft. The 
payload of the launcher was increased by small improvements in the F-1 engines and 
by the deletion of some of the ullage and retrorocket motors that pulled the first and 
second stages apart at staging. Minor improvements were made to the loading and 
utilisation of its propellants to ensure greater depletion at cut-off. Changes to the 
launch trajectory included using a more easterly launch azimuth to take maximum 
advantage of Earth’s rotation and a lower parking orbit because a rocket that did 
not have to lift so high could carry more weight. 

Changes to the spacecraft included an extra hydrogen tank in the service module 
to supply more power and water. Another oxygen tank had already been added in 
the light of the Apollo 13 incident. The LM was endowed with larger propellant 
tanks and additional tanks for water and oxygen along with an extra battery in the 
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descent stage. This increased the time on the Moon from two to three days. The 
thrust of the LM’s descent engine was increased merely by extending the length of its 
nozzle to direct the expanding exhaust gases along the thrust axis before they are 
released to space. The limiting factor was the nozzle’s clearance from the lunar 
surface. The increased ability to take mass to the Moon was exploited to greatest 
effect by one additional piece of equipment housed in an empty bay of the descent 
stage; the lunar rover. 


Wheels on the Moon 

The extra mobility afforded by the /unar roving vehicle (LRV) had a profound effect 
on the scientific harvest that was gained from the Apollo J-missions and there were 
many reasons for this. It could take crews to diverse sites for study and sampling. It 
gave them a little physical rest as they drove between planned stops. It could carry a 
substantial load of tools, cameras and ultimately rock samples. And also by virtue of 
a remotely-controlled TV camera, each geology stop could be supported by the eyes 
and knowledge of the scientists and engineers on Earth. 

The rover was an ingenious device that managed to fulfil a wide range of tasks 
within extremely narrow constraints. It had to be light in weight and foldable in 
order to be carried aboard the LM. It had to withstand the rigours of launch and the 
passage across cislunar space as well as being able to operate in the extremes of dust, 
vacuum and temperature on the Moon’s surface. Beyond the basic task of 


nabs ms RS s 


John Young works at Apollo 16’s rover. (NASA) 
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David Scott works with engineers on a checkout of the deployment of Apollo 15’s rover 
from the side of LM Falcon. (NASA) 
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Diagram of the layout of the lunar roving vehicle. (Redrawn from NASA source.) 


transporting two crewmen and their tools across the Moon, the rover had to help 
them navigate while out of sight of the LM and it had to support a demanding suite 
of communications functions between the Moon and Earth, including live television. 
This unusual and highly successful contraption was designed, built and tested within 
18 months of being given the go-ahead. 
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A large square panel formed the central part of the chassis upon which were 
mounted simple foldable seats, an instrument panel and a T-shaped control stick. 
Two smaller chassis panels were attached at the ends, with hinges so they could be 
folded against the central panel during flight. Each end panel held a pair of wheels 
which themselves were folded over the central chassis to allow the whole contraption 
to fit within one of the wedge-shaped bays of the descent stage. To deploy it, a 
crewman would pull on a lanyard to lower the rover from its bay. First the rear, then 
the forward chassis panels came free, both spring-loaded to fold out and engage in 
place. Likewise, the wheels were spring-loaded to swing into their correct position 
and lock. Once the rover was on the ground, it was straightforward for the crewmen 
to lift it off its deployment hinge and begin to load it up with the tools, cameras and 
other equipment they would need for their traverses. The front chassis carried a pair 
of batteries that were installed in a fully charged state by technicians on the launch 
pad. In total, these could supply over eight kilowatt-hours of electrical power. 
Electronic packages were mounted nearby and these used the batteries as heatsinks. 
Engineers then arranged that when the rover came to a stop, the crew would lift dust 
covers to expose a series of radiators to deep space in order to release the 
accumulated heat. 

The problem of surface navigation was solved by use of a directional gyro and by 
the measurement of distance based on pulses that marked the rotation of each wheel. 
The system’s logic was clever enough to select the third-fastest wheel so that slipping 
wheels would be ignored. By processing this information, the bearing and distance to 
an initialisation point could be displayed on the instrument panel. Normally, of 
course, this initialisation was done near the LM at the start of each day’s drive and it 
included an alignment of the gyro. 

“Okay, Bob, let me give you some numbers,” said Gene Cernan to Robert Parker 
in Houston after he and Jack Schmitt had deployed their science station at Taurus- 
Littrow. They were ready to go on their first drive, but first Cernan had to initialise 
the rover’s nav system. He took readings from a tilt meter that gave pitch and roll 
angles for the vehicle. The yaw angle could be worked out from a foldout sundial 
that indicated the angle of its centreline relative to the Sun. 

“Sun shadow is zero. I am rolled right four degrees. I am pitch zero. I can’t be 
rolled right four degrees. That indicator can’t be right. I question that.’’ Perhaps the 
lower gravity and the alien landscape were playing tricks with his sense of 
orientation. “I might be rolled left a couple of degrees. Are you happy with that, 
Bob? Roll indicator is indicating... Make it three degrees right.” 

“Okay, and I copy.” 

Almost instantly, a flight controller turned the attitude angles into a heading with 
respect to north which Parker relayed to the Moon. “Okay, torque to 279.”’ Cernan 
then slewed a heading indicator to show 279. The rover was aimed slightly north of 
due west. As they moved across the surface, the indicator would display their 
heading, and their route back would be shown by two numerical displays for bearing 
and distance. 

Each wheel had its own 180-watt electric motor that was sealed into a pressurised 
unit along with gearing and a brake. A clever arrangement called a harmonic gear 


356 Exploration at its greatest 


stepped the motor’s rotation down 
by a ratio of 80:1 by having the 
motor turn an elliptical rotor inside 
a flexible cylinder. The cylinder had 
gear teeth on its outside which 
meshed with gear teeth on the inside 
of an outer ring, but only at the two 
ends of the ellipse. This arrangement 
meant that a complete turn on the 
inner rotor would move the cylinder 
by only a small number of teeth. The 
braking system was quite conven- 
tional, being operated by cable 
linkages which actuated drum 
brakes. All the control functions of 
the rover; steering, forward, reverse 
and braking; were brought into a 
centrally mounted T-handle that 
was accessible to both crewman 
though no LMP ever got to drive a rover on the Moon. Each wheel had a fender 
and these had pull-out extensions which were deployed to contain dust raised while 
driving. Seats, armrests and footrests were unfolded to their final positions, as was 
the console with its T-handle. At this point, the commander could get on, power it up 
and take it for the short drive to where their gear had been stored in the other 
stowage quads on the LM. The rubber tyres of the MET were discarded in favour of 
a mesh design made from piano wire that could withstand a large amount of 
deformation. An inner tyre of metal bands provided additional protection against 
hard impacts with rocks. The rover could clear a rock that protruded up to 30 
centimetres. In planning a mission, there was usually some worry about whether the 
chosen site would be navigable to a rover. Pre-mission photography tended to lack 
the resolution to show small boulders that would reduce what NASA called 
‘trafficability’; the rover’s ability to get about the site without being impeded by 
excessive numbers of rocks too large to drive over. 


Diagram of the working parts of a harmonic 
gear. (Redrawn from NASA source.) 


Loading up 

Before a traverse, the rover had to be loaded with all the items the crewmen would 
need. The rear chassis panel had a fixture for a pallet of tools. This was loaded with 
items such as hammer, tongs, rake, shovel, core tubes and sample bags. There were 
bags under the seats for cameras, film magazines, rock samples and other ancillary 
items. A bag containing a hose was hung from the seat backs to help a crewman in 
case of an emergency. This buddy secondary life support system (BSLSS) allowed the 
two men to share cooling water in case the cooling system on one PLSS failed. If it 
had to be used, it would mean the immediate end to the EVA and the crew would 
return to the LM. There was no need to share oxygen because each crewman had a 
spare supply of this in their OPS. 
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Jack Schmitt working at Apollo 17’s rover. On the left are the high-gain antenna and the 
TV camera. To the right is the pallet which carried the tools required for rock sampling 
and portable science experiments. (NASA) 


Outside broadcast 

Among the most remarkable items to be mounted on the rover were those associated 
with communication, at the centre of which was the /unar communications relay unit 
(LCRU). This went on the very front of the vehicle between a mast for the TV 
camera and another for an umbrella-type dish antenna. These turned what was 
already a uniquely capable vehicle into the most outlandish television outside 
broadcast unit ever seen. 

The LCRU had a number of important functions. It acted as a relay for voice 
communication between the two crewmen on the surface and Houston, and it passed 
biomedical telemetry to the Surgeon. It sent telemetry about the state of the 
astronauts’ back packs and itself to the flight controllers. But its most visible role 
was to send TV pictures to Earth. It also allowed a flight controller in Houston to 
remotely operate the camera while the crew got on with their work. An S-band radio 
link with Earth was provided by either the high-gain dish if TV was to be sent, or a 
low-gain antenna if only voice and telemetry were required. When the rover halted at 
a geology station, one of the crew had to manually aim the high-gain antenna before 
television could be received on Earth and for this, the antenna included a simple 
sighting arrangement that could be used by a fully suited crewman. 

The INCO flight controller in mission control had the job of operating the camera 
in response to requests by others in the mission control team. In this way, many eyes 
in Houston could watch what the two crewmen were doing, and it enabled scientists 
in the mission support room to build up panoramic views of each such site and look 
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around for interesting rocks for 
the astronauts to inspect. 

As he prepared the rover for 
their first traverse, David Scott 
noticed that the newly installed 
camera was following his every 
move. “Gee, you’re watching me 
flounder around out here.’ He 
later recounted the moment he 
and Irwin realised they were not 
really alone on the Moon. 
“Youre suddenly aware of the 
third person. I remember that, at : 
that moment, I realised for the Ed Fendell was one of the INCO flight controllers 
first time that we were being who operated the rover’s TV camera from mission 
watched by everybody behind control. (NASA) 
that lens! It was almost like 
looking through the lens into the control room.” 

Although the TV camera used on the rover was among the best flown on Apollo, 
engineers continued to improve the final picture quality throughout the J-missions. 
Apollo 15’s camera had no lens hood and as soon as Scott began to drive, 
significant dust was kicked up by the wheels onto the lens. Then, as INCO panned 
around their first geology stop, he found that when the Sun caught even a small 
amount of dust on the lens surface, the scattered light greatly degraded image 
quality. Though the crew brushed it regularly, even a small amount of residual dust 
scattered sunlight effectively and affected the picture which required the dust to be 
brushed off the lens every time they arrived at a new station. A more effective 
solution had to wait for Apollo 16 with the addition of a lens hood to exclude the 
Sun whenever possible. For the last two missions of the Apollo programme, further 
improvements were made by having the TV signals linked to California where a 
proprietary system enhanced the images before they were returned to Houston for 
distribution. 

The cooling mechanism for the LCRU was similar to that for the batteries in 
that it used radiators, with a dust cover provided for when the rover was moving. 
But one interesting difference was that the LCRU contained a quantity of wax that 
absorbed large amounts of heat as it melted from solid to liquid form. When the 
covers came off, the heat radiated away and the wax solidified, ready for the next 
cycle. 


Rover failures 

As soon as Lunar Rover-1 had been released from Falcon, David Scott hopped on 
and began to check its instrument panel: “Okay. Amp-hours, 105 and 105. Amps, of 
course, are at zero.” The battery power seemed a little low as the batteries should 
have had 121 amp-hours each. His reading of current made sense because he had not 
yet begun to drive. He continued, “Okay, volts: on number | I’ve got about 82, and 
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number 2 is reading zero. Hmm.” Fortunately battery 2 was fine and the zero 
reading was an instrumentation fault. Nonetheless, they had not even begun to drive 
yet were seeing a slew of niggling problems. 

Scott then began to check the rover’s major functions. “Hey, Jim, you can 
probably tell me if I’ve got any rear steering.” 

“Yeah, you have rear steering,” replied Irwin. 

“Okay. But I don’t have any front steering.” 

The rover had been designed with independent steering on both front and rear 
wheels. This not only made it highly manoeuvrable, it also gave redundancy. Loss of 
one steering system would not inhibit it much. Scott and Irwin set off regardless, and 
completed their first traverse satisfactorily. 

Next day, before they set out on their second traverse, Joe Allen in Houston asked 
Scott to take another look at the front steering. On powering up the system Scott got 
a pleasant surprise. “You know what I bet you did last night, Joe? You let some of 
those Marshall guys come up here and fix it, didn’t you?’” NASA’s Marshall Space 
Flight Center had been responsible for the development of the rover, which was built 
by Boeing. 

“They’ve been working. That’s for sure,” said Allen. 

“It works, Dave?” laughed Irwin. 

“Yes, sir. It’s working, my friend.” 

“‘Beautiful,”’ said Irwin. 

“Lot of smiles on that one, Dave,” said Allen. “We might as well use it today.” 

Scott agreed. ““Boeing has a secret booster somewhere to take care of their 
rover!” 


Dust 

One particular problem with the rover became a serious nuisance for the Apollo 16 
and 17 crews. The commanders on those two missions had a habit of storing their 
geological hammers in pockets sewn onto the shins of their suit legs. Though they 
could reach down and grab the hammers when needed, they had difficulty seeing 
them, given that the chest-mounted RCU blocked their view. Unfortunately, as they 
worked around the rover, both John Young and Gene Cernan caught the right-rear 
fender extension with the hammer and broke it off. 

Young broke his fender partway through their second day and after that, anytime 
they drove, they and everything on the rover were showered with dust. Unlike the 
rubber wheels on the MET which tamped down the soil into smooth ruts, the open 
framework tyres of the rover lifted dust and threw it into rooster tails. Engineers 
began to worry when the blackened covers began to warm up the batteries and the 
dust made the radiators less efficient. 

Then Cernan did the same thing on his first EVA. He initially tried to use sticky 
tape to reattach the fender but dust affected the adhesive and it proved to be less 
than successful. That night, mission control came up with a repair which Young 
tested in a suit before he passed the details on to Cernan in the morning. In the LM, 
Cernan took four maps from a book and taped the stiff cards into one large sheet. 
He took these outside along with two clamps that were normally used to mount little 
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Left, NASA managers inspect an Earthbound fender repair. Right, the final repair on 
the Moon. (NASA) 


utility lights onto the protective frame of their alignment telescope. At the rover, the 
clamps held the card onto the existing fender’s support structure to fashion what was 
a very successful repair. 


On the road 

For the first traverse with a rover on the Moon, Scott and Irwin headed southwest 
towards a spot where Hadley Rille took a sharp turn below the flank of Mount 
Hadley Delta. ‘““Well, I can see I’m going to have to keep my eye on the road,” 
commented Scott as he negotiated the undulating terrain of the plain. “Boy, it’s 
really rolling hills, Joe. Just like [Apollo] 14. Up and down we go.” 

The chaotic nature of the landscape kept him busy as he worked the rear-wheel 
steering to avoid fresh, steep-walled craters and occasional rocks large enough to be 
hazards. 

“We're going to have to do some fancy manoeuvring here,” remarked Scott. 
“Okay, Joe, the rover handles quite well. We’re moving at an average of about eight 
kilometres an hour. It’s got very low damping compared to the one-g rover, but the 
stability is about the same. It negotiates small craters quite well, although there’s a 
lot of roll. It feels like we need the seat belts, doesn’t it, Jim?” 


> 
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“Yeah, really do,” agreed his LMP. 

“The steering is quite responsive even with only the rear steering,” continued 
Scott. “I can manoeuvre pretty well with the thing. If I need to make a turn sharply, 
why, it responds quite well. There’s no accumulation of dirt in the wire wheels.” 

“Just like in the owner’s manual, Dave,”’ said Allen. 

The speed that Scott could maintain was typical for the rover and though it may 
not appear to be very fast, the combination of the heavily cratered surface and the 
light lunar gravity made the vehicle pitch and roll enough to take the wheels off the 
ground. ‘‘Man, this is really a rocking-rolling ride, isn’t it?” laughed Scott. 

Irwin concurred. ‘‘Never been on a ride like this before.” 

“Boy, oh, boy! I’m glad they’ve got this great suspension system on this thing.” 

Young and Duke’s first traverse took them west for a short distance away from 
the LM. “Man, this is the only way to go, riding this rover,” said Duke. 

But a disadvantage of driving west was that the Sun was behind them and so there 
were few shadows in front of Young to help him judge the terrain ahead. Essentially, 
all objects directly ahead were hiding their own shadows. Worse, at the point directly 
opposite the Sun, the so-called zero-phase point, the backscattered reflection from 
the tiny crystals in the regolith became particularly bright to the point of being 
dazzling. It limited their speed as Young fought to discern the obstacles ahead in the 
glare. 

“Driving down-Sun in zero phase is murder,” moaned Young. “‘It’s really bad.” 
He elaborated further during his post-flight debrief. “Man, I'll tell you, that is really 
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David Scott driving Lunar Rover-1. (NASA) 
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grim. I was scared to go more than four or five kilometres an hour. Going out there, 
looking dead ahead, I couldn’t see the craters. I could see the blocks alright and 
avoid them. But I couldn’t see craters. I couldn’t see benches. I was scared to go 
more than four or five clicks. Maybe some times I got up to six or seven, but I ran 
through a couple of craters because I flat missed [seeing] them until I was on top of 
them.” 

The speed record for driving a rover probably goes to Gene Cernan on his second 
lunar EVA when he and Schmitt were driving down a scarp that crossed their valley 
floor. On the Moon, slopes tend to be smoother than level ground because the 
gradient tends to make particles move preferentially downhill with every 
micrometeoroid hit and the constant downslope movement smooths out the 
features. “What was it, 17’ or 18 clicks we hit coming down the Scarp, Jack?” 
claimed Cernan nonchalantly. Schmitt merely laughed at the suggestion. 

A record that Apollo 17’s rover can claim is to have taken its crew furthest from 
the LM. On EVA 2’s outbound leg, Cernan drove 9.1 kilometres to a site at the foot 
of the South Massif, fully 7.4 kilometres distant from Challenger, its safety and a 
ticket home to Earth. 

John Young took his rover to its own record — the highest point up a hillside 
reached by any crew at 170 metres. The rover’s easy glide up Stone Mountain was in 
stark contrast to the labour-intensive struggle Shepard and Mitchell had climbing 85 
metres up a much shallower slope in an effort to reach Cone Crater. At the Cincos 
craters, Young came to a stop and looked around to see the view. Duke was the first 
to speak up and tell Tony England about it. “Tony, you can’t believe it, this view 
looking back. We can see the old lunar module! Look at that, John.”’ But Young was 
too busy getting the rover parked in a position where it would not begin to slide back 
downhill. He had the experience of Apollo 15 to draw from. 

On their second traverse, Scott and Irwin had taken their rover onto the lower 
slopes of Mount Hadley Delta. Among their goals, they wanted to find 
anorthosite, a white crystalline rock that geologists believed would be a sample 
of the Moon’s primordial crust. The mountain was thought to be a block of that 
crust and the hope was that by driving a short distance up the hill, they would find 
a sample that had been dislodged from further up. Scott generally tried to park 
inside the lower rim of a crater as this tended to be a relatively level spot on the 
otherwise sloping ground. However, at one point, he was attracted to a boulder in 
which Irwin had spotted a hint of green in its dusty surface. On giving up on one 
parking spot above the boulder because the slope was too steep, Scott found that as 
he went to dismount at a spot below the boulder, he could feel the vehicle slide. In 
fact, the rover was sitting with one of its wheels off the ground. To keep it in place, 
he had to ask Irwin to stand below it and hold onto it while he investigated and 
sampled the green boulder. 


Last act 

After their third and final traverse, each J-mission commander drove his rover to a 
spot roughly 100 metres east of the LM so that the TV camera could look at the 
sunlit rear of the LM and carry out the one remaining major task left to it — to treat 
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With one wheel off the ground, the rover is held stable on a slope by Jim Irwin while 
David Scott photographs a foreground rock, tongs added for scale. (NASA) 


TV viewers on Earth to the spectacle of the launch of the LM ascent stage and 
hopefully to follow it as it powered towards the western horizon. As a nod towards 
the area at the Kennedy Space Center from which invitees and dignitaries would 
watch Saturn V launches, on his flight Young dubbed the rover’s final position the 
VIP site. 

In the event, the spacecraft’s rapid rise proved difficult to track. When the INCO 
flight controller commanded a camera move, it took two seconds for the command 
to reach the pan/tilt head on the rover. It then took a further 1.5 seconds for the 
move to be seen on Earth if the viewer was watching an unprocessed, uncoloured 
feed from the Moon. Colour processing added more time. Taking these factors into 
account as well as the planned time of lift-off and details of the planned trajectory, a 
command was sent to the camera early enough that it moved in the right way at the 
right time. 

On Apollo 15, Granvil Pennington could make no such attempt. The camera’s 
tilt mechanism had begun to slip as the temperature rose, and he didn’t dare 
command any kind of tilt for fear of never being able to return the camera to 
horizontal. Instead, viewers watched Falcon smartly disappear beyond the top of 
the picture. The timing wasn’t quite right for Apollo 16, but on Apollo 17 viewers 
could follow Challenger as Ed Fendell tracked it from lift-off to pitchover and 
beyond. 
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For as long as the rovers’ batteries held out, or until a circuit breaker on the 
Apollo 15 rover popped in the rising temperatures of a high lunar Sun, geologists 
continued to use the TV camera to view the landing site under the slowly varying 
illumination of the long lunar day. There was even an unsuccessful attempt to gain 
coverage of Challenger’s discarded ascent stage as it was targeted to impact the 
South Massif. 

Around the time that the rovers were being driven across the lunar surface, the 
press divided the $38 million price tag by the number of rovers delivered and poked 
fun at how expensive these cars were. A different analysis would point out that these 
vehicles dramatically raised the efficiency of the surface crews and that, despite the 
extreme engineering demands place on them, the rovers performed extremely well. 
Given that the American taxpayer had already invested huge sums in getting to the 
Moon, the extra expenditure on the LRV more than paid for itself by allowing the 
system as a whole to give a much greater return on investment. 


SURFACE EXPERIMENTS 


Scientists had always been vocal that Apollo crews must place high-quality scientific 
instruments on the lunar surface. After all, many in the scientific community saw 
manned spaceflight as a sink for funds that ought to go to unmanned craft. If man 
on the Moon was being shoved down their throats, then at least something useful 
ought to come from it. Arrangements were made to develop a system of instruments 
that would work off a common power source and radio system. It was known as the 
Apollo lunar surface experiments package (ALSEP) and would be deployed on the 
surface with sufficient radioactively-sourced power to last years. Across 1965 and 
1966, principal investigators were recruited by NASA to design the instruments 
which Bendix would develop and supply. Early plans assumed that the first landing 
would to have two moonwalks; one to deploy the ALSEP and the other for a 
geological traverse. However, as the planning for the initial landings continued, it 
became clear that an ALSEP would not be ready in time for the first crew. There 
would be a single short moonwalk which would combine the history and ceremony 
of the moment with a small amount of sample gathering and photography. ALSEP 
would have to wait for subsequent missions. 


EASEP 
There was still enough momentum for science on Apollo 11 for NASA to begin a 
crash programme for two simple experiments that the first crew could deploy in a 
few moments. This early Apollo scientific experiments package (EASEP) included a 
seismometer in a first attempt to investigate moonquakes. Solar panels powered the 
instrument throughout the lunar day and seismic signals were radioed to Earth in 
real time. It had small radioisotope heaters to provide warmth for the electronics 
during the intense cold of the long lunar night, but on the first attempt to reawaken 
it, engineers found it was malfunctioning and permanently switched off. 

The second experiment still works today. It was the first of a series of laser retro 
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Buzz Aldrin deploying the seismometry experiment, part of Apollo 11’s EASEP. 


(NASA) 


reflectors that used the fact that an internal corner of a cube mirror will reflect light 
directly back to its source; in this case, pulses of laser light from Earth. Apollo crews 
would eventually deploy two more reflectors at widely separated sites. Two further 
reflectors would be added by the Soviets mounted on their Lunokhod remote- 
controlled unmanned vehicles. This /aser ranging retro-reflector (LRRR) allowed the 
distance between Moon and Earth to be measured to tens of centimetres accuracy, 


later to within millimetres. This 
elegant technique has become a 
powerful tool for understanding 
the relative motions of the Moon 
and Earth, and in turn, a wide range 
of subtle geophysical phenomena 
that include the tides, the structure 
of the Moon and even the move- 
ment of Earth’s tectonic plates. 

A third experiment, not part of 
NASA’s EASEP, was the solar 
wind collector. This was essentially 
a sheet of foil that was left to bask 
in the sunlight and the solar wind. 
It was designed by the University of 
Bern in Switzerland and jokingly 
referred to as the Swiss Flag. To- 
wards the end of the moonwalk, it 


Apollo 11’s LRRR after deployment. (NASA) 
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was rolled up and stored in a vacuum with the hope that it would contain 
embedded solar wind particles gathered from beyond Earth’s magnetosphere 
whose composition could be determined on Earth. Once returned to Earth, this 
experiment would provide direct information on the chemical composition of the 
Sun. 


ALSEP 

All subsequent Apollo landings included time to deploy a full ALSEP, each 
consisting of a varying set of instruments cabled to a central station, all of it 
powered by a radioisotope thermoelectric generator (RTG). This was an early 
example of the type of power supply that would energise a generation of probes to 
the outer planets. 

The Apollo RTGs used the radioactive decay of plutonium-238 to generate heat 
which was directly converted to electricity by an array of thermocouples. The 
presence of plutonium on the spacecraft had certain repercussions. It could not 
travel to the Moon in the RTG for fear of contamination if there were to be an 
accident near Earth. Instead, it was packaged into a fuel element or capsule which 
was transported to the Moon inside a graphite cask mounted vertically on the 
outside of the descent stage where it could radiate its heat. This cask was strong 
enough to withstand re-entry through Earth’s atmosphere and, thanks to this ability, 
the Apollo 13 plutonium now lies at the bottom of the Tonga trench in the Pacific 
Ocean. 

Once on the Moon, it was the LMP’s task to remove the plutonium fuel capsule 
from its cask and insert it into the body of the generator. Alan Bean was the first to 
try this and ran into problems when reality failed to match any Earth-bound trials. 
First he hinged the cask down to gain access to the removable dome at one end, then 
he removed it with a special tool. 

“There you go,” said Pete Conrad encouragingly. 

“It came off beautifully,” said Bean. “[I’ll] put the tool and the dome aside.” 

This had started well. Next he had to engage the capsule removal tool. “Go 
ahead,”’ said Conrad. 

“There you go,” commented Bean. “Sliding right in there. Okay, [I'll] tighten up 
the lock.” 

With the tool firmly engaged, Bean pulled on the capsule, only to discover that it 
wasn’t going anywhere. “You got to be kidding,” he exclaimed. 

““Make sure it’s screwed all the way down,” suggested Conrad. 

Bean was caught between wanting to give it a good yank but not wanting to break 
the mechanism that attached the tool to the capsule. Gear that went to the Moon 
was built as light as possible. There wouldn’t be much strength in reserve. 

“That could make a guy mad, you know it?” moaned Bean. 

“Yup,” replied his commander. 

“Let me undo it a minute, and try it a different way.” 

“Yup.” 

“Tt can really get you mad.” 
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The graphite cask that held the plutonium fuel capsule for Apollo 17’s RTG, seen here 
attached to Challenger inside the SLA before launch. (NASA) 


The discarded dome from Apollo 12’s 
plutonium cask. (NASA) 


Bean reinserted the tool with its 
prongs rotated to use different slots. 

“You guys got any suggestions?” 
asked Conrad of the folks in Hous- 
ton. 

“T just get the feeling that it’s hot 
and swelled in there or something,” 
Bean said as he tried again to extract 
the capsule. ““‘Doesn’t want to come 
out. I can sure feel the heat, though, 
on my hands. Come out of there! 
Rascal.” 

The capsule was seated within two 
steel rings that held it away from the 
graphite cask. It seemed that, with it 
giving off 1.5 kilowatts of heat, the 
expansion of the arrangement was 
holding it snug on the rings. 

“You know, everything operates 
just exactly like it does in the training 
mock-ups and up at GE (General 
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Alan Bean attempts to extract the fuel capsule from /ntrepid’s cask. Beside him is the 
black-finned RTG ready to take the capsule. (NASA) 


Electric Corporation). The only problem is, it just won’t come out of the cask. I am 
suspicious that it’s just swollen in there or something and friction’s holding it in. But 
it’s such a delicate tool, I really hate to pull on it too hard.” 

Unfortunately engineers had not fully taken account of the length of time that the 
capsule would sit in its cask from Florida to the Moon, its 700°C heat soaking the 
steel mounts. 

Bean piped up. “Go get that hammer and bang on the side of it.” 

“No. I got a better idea,”’ said Conrad. ““Where’s the hammer?” 

“That’s what I said.” 

“No, no. But I want to try and put the back end in under that lip there and pry 
her out. Let me go get the hammer. Be right back.’ Conrad’s idea was to use the 
hammer’s blade to lever the capsule out. 

“Let me get the tool off,’’ said Bean as he felt the capsule’s heat move along the 
handle. “It’s starting to warm up.” He disengaged the tool as Conrad went around 
the LM. They were not unduly bothered by the radiation from the capsule. It was 
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alpha radiation and as such, was stopped by a small amount of material. They would 
not be exposed to it for long anyway. Their real concern was that the thermally hot 
capsule might damage their suits. They had to use the tool to extract it. Once Conrad 
had retrieved the hammer, Bean re-engaged the tool with the element. They were 
both leaning towards a little percussive persuasion. 

Bean spoke first. ““Now, my recommendation would be pound on the cask.”” He 
preferred that Conrad not use the hammer’s blade on the capsule. As Bean pulled on 
the tool, Conrad began to repeatedly hit the side of the cask with the hammer. 

“Hey, that’s doing it!’ yelled Bean excitedly as the cask began to yield its 
contents. “Give it a few more pounds. Got to beat harder than that. Keep going. It’s 
coming out. It’s coming out! Pound harder.” 

“Keep going,” commanded Conrad to the balky capsule. 

“Come on, Conrad!” laughed Bean. 

“Keep going, baby.” 

“That hammer’s a universal tool.” 

“You better believe it,” cheered Conrad. 

With every thump, the capsule edged out until, after a few centimetres, it came 
away easily. To Conrad’s giggles, Bean swung it over to the RTG unit. 

‘“‘That’s beautiful. That’s too much,” said Bean. 

“Well done, troops,” congratulated Ed Gibson, Capcom in Houston. 

“We got it, babe!” explained Bean. “It fits in the RTG real well! It’s just the cask 
was holding in on the side. Don’t come to the Moon without a hammer.” He 
brought the hammer home to Earth and now uses it to texture his paintings in his 
post-Apollo life as an artist. 

Deployment of the ALSEP required a reasonably flat site a few hundred metres 
from the LM. The complete kit was mounted on two pallets and stored on rails in the 
LM’s descent stage. Once lowered to the ground by pulleys, the packages were hung 
on a bar bell and carried to the site. The layout was roughly star-shaped with ribbon 
cables that radiated out from the central station to the various instruments. Each 
cable was on a reel which fed out both ends simultaneously. There were often 
stringent constraints on the placement of each instrument, requiring care to avoid 
interference between instruments and to minimise heat conduction with the ground. 
For example, the magnetometer had to be clear of other instruments that contained 
magnets. Also, the seismometer was mounted on a stool surrounded by a reflective 
Mylar skirt that kept the Sun from heating the ground because the expansion and 
contraction from the heating cycles would have added noise to the instrument’s 
output. However, the skirt itself routinely added unwanted signals each morning 
when the Sun first hit it and caused it to flex and buckle in the heat. 

Prior to deployment, the various instruments were attached to their pallet by 
‘Boyd bolts’, spring-loaded fasteners that required a crewman to insert the end of 
their universal hand tool (UHT) and give a fifth of a turn to release them. To help the 
crew, each bolt had a collar that guided the tool to the bolt. In general, the bolts 
worked well but on some occasions, what had seemed simple on Earth became much 
more difficult in the dust and light gravity of the Moon. 

“Another one of those beautiful Boyd bolts is all full of dust,’ muttered Shepard 
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sardonically as he tried to release a small instrument, the suprathermal ion detector, 
from its pallet. 

“Yep,” agreed Mitchell. ““Everything else is going to be full of dust before long. 
Be filthy as pigs.” 

Shepard first tried the obvious solution. “I’m going to have to lift it up and shake 
the dust out of that Boyd bolt; I can’t get it otherwise. Let’s just turn it upside down 
and shake it.” 

As they lifted it, parts fell away. “Well, there’s a lot of Boyd bolts falling off,” 
said Mitchell, referring to the parts of the bolts that Shepard had already 
unfastened. 

“Yeah, but them’s not the ones we’ve got the problems with. Okay, flop it over a 
minute.” 

“That'll do it?” asked Mitchell hopefully. 

“No, it’s still not clear.” 

Shepard was having problems on three levels. Lunar dust gets everywhere and 
having found its way into the Boyd bolt, its cohesive nature in the vacuum helped it 
to stay there. Additionally, the weakness of the lunar gravity gave little assistance 
in clearing the bolt’s sleeve, even when Shepard turned it upside down. The 
situation was exacerbated by the bolt being relatively inaccessible and, as Mitchell 
would later explain, it was difficult to see what was happening. ‘“‘On the lunar 
surface, there’s no air to refract the light in there. So, it’s either shadow or it’s light 
and, unless you’ve got a direct sunlight on it, there’s no way in hell you can see 
anything. That’s an amazing phenomenon on an airless planet. It’s amazing how 
much we count on reflected and refracted light here. But there, unless you had it 
directly in sunlight, it was just pitch black. And that’s what he was wrestling with, 
there. The dirt was packed in around it and, besides that, he couldn’t see down in 
there unless we picked it up, physically, and twisted it and held it so we could get it 
in the sunlight.” 

That one bolt cost Shepard nearly ten minutes before he finally got it loose. David 
Scott later discussed how important it was for something that small to work 
correctly. “In a training context, especially [as Apollo 12 backup commander], I 
remember trying to get the Boyd bolts to work, and they would hang up. One would 
hang up, and you couldn’t deploy the ALSEP. Or, the UHT’s hexagonal probe that 
goes into the socket would sort of strip and get worn and you couldn’t turn it. And, 
if you turned it too hard, you’d strip the edges. The Boyd bolts were challenges. I 
think all ours worked just fine. But the UHT and the Boyd bolts were a big deal; 
because, if it didn’t work, then you didn’t get that piece of the ALSEP up. And there 
were a lot of Boyd bolts.” 

Across the six missions that landed, crews deployed a large number of instruments 
as part of the ALSEP or as standalone experiments. Seismology was a popular topic, 
with passive seismometers being carried on most missions. Some missions included 
active seismometry, with small explosive charges being set up to provide calibrated 
shockwaves that would help to profile the local subsurface. Magnetometers sensed 
the local magnetic field which, on the Moon, was dominated by its monthly passage 
through Earth’s magnetotail. However, because some of the Apollo 11 rocks proved 


372 Exploration at its greatest 


The magnetometer experiment of the Apollo 16 ALSEP. (NASA) 


to be magnetic, some later missions included a portable magnetometer to measure 
remanent magnetic fields at points along a traverse. Many experiments tried to sense 
and characterise the various particles that comprised what little atmosphere the 
Moon possessed. Most of these were from the solar wind or from the rocket exhaust 
of the spacecraft, but there was also the question of whether the change from night to 
day, and the resulting rise in ultraviolet exposure caused tiny particles of charged 
dust to levitate for a while. 

There were experiments on the mechanics of the lunar soil which acted in ways 
that were not foreseen. Though the top layer was extremely loose and powdery, its 
characteristics changed markedly just a few centimetres below the surface. Millions 
of years of slow settlement had caused it to become extremely tightly packed and 
crews sometimes found it difficult to drive in items like flagpoles and the solar wind 
collector. Trenching experiments showed that the vacuum and the very finely ground 
nature of the powder made it remarkably cohesive and able to support steep sides. 
Even Buzz Aldrin’s famous bootprint photograph showed how well the powder 
could hold an impression. 

There was an ultraviolet telescope on Apollo 16, a device for measuring the local 
gravitational field mounted on Apollo 17’s rover, and experiments to determine the 
electrical properties of the lunar surface. Add to all this the intense expeditions to 
photograph, document, sample and generally geologise across their site, this feast 
of science kept all the Apollo surface crews extremely busy for their precious hours 
walking on the Moon. One particular ill-starred experiment served to teach 
everyone about the difficulties of trying to carry out science in a vacuum, under an 
unfiltered Sun into a poorly understood, extremely dusty and abrasive soil while 
wearing in an awkward pressure suit with limited visibility. This was the heat-flow 
experiment. 


Drill problems and the heat-flow experiment 
Geophysicist Marcus Langseth was good at taking Earth’s temperature and now he 
had a chance to take the Moon’s. More specifically, he wanted to accurately 
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Left, John Young with Apollo 16’s UV telescope. Right, UV image of Earth. (NASA) 


measure the temperature of the lunar soil at various depths. From these 
measurements, he hoped to calculate how much heat was flowing out of the Moon’s 
interior and infer whether its core is still molten. He designed an experiment for 
Apollo 13’s ALSEP that would place temperature probes into drill holes. The 
equipment burned up in Earth’s atmosphere after that mission’s LM had served as a 
lifeboat for its crew. 

Langseth had to wait over a year for the Apollo 15 crew to try again. Using the 
father of the cordless drill, the experiment required two holes, each nearly three 
metres deep into which the probes would be inserted. Separate from the experiment, 
the drill would also be used to extract a deep core of material that would give 
geologists a record of the depositional layering of the soil potentially going back 
hundreds of millions of years. 

Scott quickly found the drilling to be hard going and could only get the first hole 
down to 1.6 metres. He tried putting his weight on the drill but in the Moon’s weak 
gravity, this provided little push and, if anything actually worked against the design 
of the drill stems and their helical external flutes. At any rate, the designers had not 
taken sufficient account of the nature of the Moon’s surface. Although the Moon is 
draped in a blanket of finely ground-up rock — the regolith — which is many metres 
deep at the landing sites, the highly compacted nature of all but the uppermost few 
centimetres made it more like hard rock. Worse, the flutes at the joins of the drill 
stems had been narrowed to strengthen those joins but, with the dust unable to go 
anywhere else, it caused the stems to jam. Mission control agreed that Scott should 
place the probes in the existing hole even though it compromised the quality of the 
experiment. The second hole fared worse and at one metre, they decided to revisit it 
the next day. On returning to the site, Scott tried to lift the drill and rotate it to help 
clear the flutes but unbeknownst to him this actually caused the bit to disengage 
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David Scott sets down the drill during operations to emplace the heat-flow experiment. 
(NASA) 


from the stem above. Subsequent drilling with the hollow upper stem merely created 
a core running down alongside and when Scott inserted the probes they penetrated 
no further than about one metre. 

With the heat-flow probes less than ideally placed, Scott began to drill a deep 
core sample using hollow stems which meant the material in the hole would be kept 
rather than pushed aside. Also, the flutes were of uniform depth and much faster 
progress was made. Scott readily reached 2.4 metres in depth, much deeper than 
the other two holes but by this time, they needed to return to the LM and leave the 
extraction to the final day. Much time and frustration had already been expended 
on the drilling. 

On the final day, Scott learned that extraction of the deep core was to take 
precedence over their final drive to Hadley Rille and a feature known as the North 
Complex, a possibly volcanic site of some interest to Scott and the geologists. 
Usually rover drives came first so the crews would have more consumables available 
in case they had to walk back from a stalled vehicle. The decision to favour the drill 
meant that there would be no visit to the North Complex. However, when they tried 
to remove the core, it proved difficult to budge. Both Scott and Irwin had to work to 
extract the core, first by pulling hard on the drill’s handles, and eventually putting 
their shoulders under the handles and shoving so hard that Scott managed to injure 
his shoulder. It was a measure of the confidence that the crews had in their suits that 
they felt they could expend maximum physical effort without fear of a rip dumping 
their air. 

“It shows how tough and durable the things were,” remembered Scott when 
reviewing the incident years later. ‘I’m really surprised that somebody in the back 
row in Houston didn’t get real squeamish about all of this. I’m surprised some boss 
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didn’t just say, ‘Hey, just knock that off,’ because they could hear us grunting and 
groaning — two guys on the Moon in pressure suits doing this kind of stuff. In 
retrospect, not smart, from a safety point of view.” 

However, their suits included systems to warn of problems with the air pressure or 
cooling. “Only if a tone comes on do you do something,” continued Scott. “As long 
as there are no tones, you work as you would work on the Earth and you never really 
think about [the dangers]. Houston, that’s their job. To sort of pace us and guide us, 
because once we’re out in the suits, boy, it’s very comfortable.” 

Eventually, Scott and Irwin extracted the deep core but Scott’s troubles were not 
over and he was getting frustrated at the time being spent on it. “Joe, I haven’t heard 
you say yet you really want this that bad.’ Joe Allen was the tactful Capcom in 
mission control. As part of his job, he acted as a go-between for the crew and the 
geology team in the science back room. “Tell me you really want it this bad,” 
implored Scott. “It’s hard for me to say, Dave,” was Allen’s wistful reply. 

The six-part core stem, including a treadle that had helped guide the stem into the 
soil, all had to be taken apart for return to Earth. To help, a simple wrench vice that 
gripped in one direction was on the rover. Scott was having difficulty getting it to 
work. “This vice just won’t hold. There’s something wrong with it.’”’ They needed 
that wrench because a suited hand does not have much grip. It is already working 
against the suit pressure trying to straighten it ‘““My hand wrench works okay. The 
one on the back of the [rover] doesn’t seem to want to work for some reason. It may 
just be because of the threads on the stems. I just can’t get them broken apart!” As 
Scott struggled with the stem in the vice, it dawned on him what the problem was. “‘T 
hate to tell you, Jim, but that... Oh boy! This vice is on... I swear it’s on 
backwards.” In fact, a reversed diagram in the assembly manual had thwarted them. 
The wrench had indeed been mounted back to front. 

With Irwin’s help, Scott managed to separate half of the segments, even though it 
meant gripping the stem’s sharp flutes, yet the final three refused to come apart. 

“We might be able to return it just like that,’ suggested Irwin. Although it was 1.5 
metres long, they would be able to get it in the LM. 

“T don’t know where we’re going to put it in the command module,” said Scott. “I 
guess we ought to take it back. There’s more time invested in that than anything 
we’ve done.” 

When the deep core reached Earth, it was immediately x-rayed which revealed 58 
distinct layers within the core. Grant Heiken, a scientist who painstakingly analysed 
each layer, grain by grain, described it as the most valuable sample returned from the 
Moon. 

The Apollo 15 heat-flow experiment gave good results despite its problems and 
created enough interest in Langseth’s experiment for another to be taken on Apollo 
16. All the lessons from Scott’s battle with the drill and wrench had been learned. 
Using redesigned drill stems, Duke had no problem drilling the holes and inserting 
the temperature probes. 

“Mark has his first one, announced Duke. “All the way in to the red mark [on the 
rammer] — on the Cayley Plain.” 

“Outstanding!” replied Tony England. “The first one in the highlands.” 
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Moments later, John Young lifted a package away from the central station and as 
he walked, his feet got caught up with the cable leading to the heat-flow electronics 
package. 

“Charlie.” 

“What?” 

“Something happened here.” 

“What happened?” 

“T don’t know,” said Young. ‘“‘Here’s a line that pulled loose.” 

“That’s the heat-flow,’’ Duke informed. “You’ve pulled it off.” 

“God almighty.’ Young’s spirits dropped like a stone as he went to examine the 
damage closely. The wires at the end of the cable had been torn from its connector 
where it was plugged into the central station. 

“Well, ’'m wasting my time,” said Duke as he realised there was no point in 
drilling the second hole for the heat-flow probes. 

“T’m sorry. I didn’t even know, said Young. “‘Agh; it’s sure gone.” 

“Okay, we copy,” said England in Houston as the engineering back rooms began 
to crank up in a futile effort to resurrect the experiment. “I guess we can forget the 
rest of that heat flow.” 

“Yeah,” replied Duke. “I'll go do the [deep core]. Oh, rats!’”’ 

In fact, it was surprising there were not more accidents like this. Having the RCU 
mounted on his chest afforded the astronaut almost no visibility of his feet and the 
numerous layers in the suit’s construction severely attenuated any sense of touch. He 
constantly had to work against the internal pressure and its tendency to return the 
suit to one stance. This made it difficult for Young to have seen or even to have felt 
the snagging cable. Additionally, in lunar gravity cables tended not to lie as flat as 
they would on Earth and they ‘remembered’ their coiled-up shape to form numerous 
loops spiralling across the lunar dust. 

After more than 2’ years, Marcus Langseth finally triumphed when his heat- 
flow experiment was fully installed at Taurus-Littrow by the Apollo 17 surface crew. 
The measurements from the two sites where emplacement was successful showed 
that the Moon has little residual heat of its own. What heat it has is produced by 
radioactive decay in the topmost few hundred kilometres but it is insufficient to 
cause substantial melting of the lunar mantle. 


Sampling the regolith 
One of the most ubiquitous activities carried out on the lunar surface was geological 
sampling. Each successive mission returned more rock mass than the previous and in 
total, the amount of rock and soil brought to Earth by the Apollo missions was 382 
kilograms — well over a third of a tonne. But of greater importance than the sheer 
mass of material is the fact that the majority of it was carefully selected by trained 
human eye and brain and then painstakingly documented as it was sampled, 
especially during the J-missions. Those samples are now among the most highly 
prized pieces of material on Earth. 

There are actually other sources of lunar rock available to scientists. Three Soviet 
spacecraft successfully gathered 0.326 kg of soil from various sites including a core 
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The gnomon next to a patch of orange soil discovered by Jack Schmitt at Shorty Crater. 
(NASA) 


sample from below the surface. In more recent years, a class of meteorite has been 
shown to have originated from the Moon, blasted into space by an impact event to 
eventually pass through Earth’s atmosphere and reach the surface. None of these 
secondary sources have the provenance of Apollo’s documented samples. 

Once a desirable rock or maybe an interesting patch of soil had been identified, 
the two crewmen began a practised sequence of tasks to properly gain the sample 
along with as much contextual information as was possible in the brief time 
available. The normal procedure began with a gnomon being placed on the opposite 
side of the sample from the Sun — in the down-Sun position. The gnomon was a small 
tripod arrangement with a central staff that maintained true vertical, as explained by 
Jack Schmitt: ‘““The gnomon gave you the local vertical, a 40-centimetre scale, a 
shadow which gave you azimuth, and also had a greyscale and three international 
colour references for photometric calibration.” 

Next, a crewman took two photographs of the sample prior to it being moved. 
These were taken with Sun shining across the sample so that its shape stood out and 
were therefore called cross-Sun images. Because he took a step to one side between 
exposures, they constituted a stereo pair which would allow the sample’s topography 
to be determined back on Earth. At about the same time, the second crewman took a 
down-Sun image towards the gnomon which recorded the intrinsic colour and tone 
of the sample in the same frame as the calibration card. At some point in the 
sequence, another shot was taken with some notable feature in the background. ““We 
would take a ‘locator’ back to something like the rover,’’ explained Schmitt years 
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A stereo pair of an Apollo 17 sample at Van Serg Crater. This pair of images has been 
arranged for cross-eyed viewing. (NASA) 


later, “just so that there was something in the picture that could be used to work 
back to where the sample had been taken. We’d just turn around and take a picture 
of the rover or of the horizon. Originally it had to do with the LM being in the 
picture as a ‘locator’ because, from the geometry of the lunar module and knowing 
how it had landed, you could work back along a ray to where you were and, as well, 
get a distance based on the size of the lunar module.” 

For photography, NASA’s crews came to favour the Hasselblad camera after 
Wally Schirra took one with him on his Mercury flight in 1962. For use on the lunar 
surface, NASA worked with the Hasselblad Company to produce a specialised 
version of their professional SLR camera. This took square images on 70-mm-wide 
thin-base film designed to maximise the capacity of the film magazines. A battery- 
powered autowinder was added and the normally black finish on these cameras was 
changed to a reflective silver to minimise the absorption and emission of heat as it 
was moved in and out of the Sun’s rays. Crews could hold the camera with a special 
handle or chest mount it on the front of their RCU. 

Researchers were keen to extract as much scientific information as possible from 
the resulting images so changes were made for the purposes of photogrammetry, the 
measurement of objects using photographs. A 60-mm lens, mildly wide-angle for the 
format, was specially designed to give accurate image geometry. Flight lenses were 
individually calibrated so that their image geometry was well understood. And since 
the plastic base of photographic film is prone to thermal expansion and contraction, 
the cameras included a means of marking a known geometry within the image at the 
moment of every exposure. A glass screen called a Reseau plate, upon which were 
inscribed a series of crosses at 1-centimetre spacing, was added directly in front of the 
film. When a picture was taken, the crosses left their imprint in the image for a future 
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researcher to use when measuring angles. These crosses now adorn some of the 20th 
century’s most iconic images and perhaps the greater imprint they leave is in the eyes 
of graphic designers who use them as a motif to represent space travel and science. 
To mitigate the build up of static electricity and resultant sparks that might affect the 
image, the Reseau plate had an extremely thin layer of gold applied, thin enough to 
pass light. 

With initial photography out of the way, the sampling itself could begin. The 
crews carried a selection of tools to take samples, particularly a scoop and a pair of 
tongs. While one crewman lifted the sample, the other took a numbered bag from a 
dispenser, often attached to their camera, and held it in position to allow the rock or 
soil to be dropped in. All the while, there was a verbal description which ended with 
the bag number being called out so a geologist in the science back room could cross- 
reference it on return to Earth. 

Two-man sampling was found to be much more productive than one crewman 
trying to work single-handedly but on occasion, perhaps when one crewman was 
occupied by another task, the second could usefully spend his time working alone. 
Schmitt often found himself in this position: ‘““With two of us working together, 
bagging samples was fairly easy, but it was a lot harder solo. You had to hold the 
bag in one hand, and somehow or another get your scoop out over it so that you 
could dump something in it. And it was not easy, because you’re moving your arms 
against the pressure in the suit while gripping both the bag and the scoop.” 

After three days, Schmitt became quite adept at solo sampling, but not before he 
came a cropper at a small crater halfway through their second EVA. As Cernan 
worked to obtain a core sample, Schmitt took samples at the crater’s edge, gathering 
soil and rock fragments in a scoop and, with some difficulty, pouring them into 
sample bags. When he finished with the scoop, he would rest it against his legs while 
using his two hands to manipulate the bag. Often the scoop would fall to the ground 
which forced him to bend one knee and lean down to retrieve it. Each sample bag 
went into a large sample collection bag that he sat on the ground beside him. As he 
turned at the end of this effort, he inadvertently knocked the bag over and spilled the 
smaller sample bags across the surface. 

‘“‘Aaaah!”’ he cried, dropping to the surface on his hands and knees to gather his 
samples. ““You don’t mind a little dirt here and there, do you, gang?” 

“No,” replied Bob Parker in mission control. 

Schmitt’s next problem was getting back up from his position kneeling on the 
outer slope of the crater. He brought his torso upright then straightened his legs. As 
he successfully got to his feet, the bag slipped from his grasp and impulsively, he 
leaned over to retrieve it, only to bring his centre of mass too far forward. Gravity 
took control and pulled him face-down into the dust once again as his legs flailed 
uselessly off the surface. It took him a while to return to a kneeling position from 
which he could regain his feet. 

Mission control watched Schmitt’s pirouettes and spills with a mixture and 
bemusement and concern. “Hey, Gene, would you go over and help Twinkletoes, 
please?’ 

Cernan looked across. ““Want some help, Jack? [ll be there.” 
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“No! I don’t need any help,” said Schmitt, annoyed at his display in front of the 
TV camera. “I just need better bags.” 

Schmitt checked his camera lens was clean and finished up at the crater. As they 
prepared to drive off, Parker had one further message for him. “‘Be advised that the 
switchboard here has been lit up by calls from the Houston Ballet Foundation 
requesting your services for next season.” 

“T should hope so,” replied Schmitt at which point he adopted a mock ballet pose, 
hopping on one leg with the other stretched out behind him. After two hops, he 
promptly fell on his face again. ““How’s that?” 

The little crater where Jack Schmitt fell, frolicked and performed his little dancing 
stunt will forever be known to researchers as Ballet Crater. 


SCIENCE STATION IN LUNAR ORBIT 


Apollo 13 saw a serious push to use the CSM as an orbiting science platform from 
which to reconnoitre the lunar surface. The primary tool for this was the Hycon 
lunar topographic camera: a monster instrument modified from an aerial 
reconnaissance camera, whose 467-millimetre-focal-length lens peered out through 
the round hatch window and exposed square 114-millimetre negatives. The Hycon 
had an unhappy career in Apollo. It lay unused on board the Apollo 13 command 
module while the crew struggled to reach home after their mission was aborted. It 
was sent once more on Apollo 14. Once alone in his domain, and having made the 
circularisation burn to take the Apollo 14 CSM Kitty Hawk into a 110-kilometre 
orbit, Stu Roosa began a photographic pass that was to have included the Descartes 
region where scientists were considering sending a future mission. After about 200 
exposures, the camera failed, never to work again despite the best troubleshooting 
efforts of Roosa and mission control. 


The SIM bay 

Lunar science from orbit really got into its stride with the J-missions, just as surface 
exploration had. In particular, one of the six sectors in the cylindrical service module 
which had been largely empty on previous missions, gained a bay of instruments and 
cameras that could be trained on the lunar surface for the five or so days that the 
CSM spent in orbit. This scientific instrument module, or SIM bay, was operated by 
the CMP from the time the spacecraft entered orbit until the service module was 
jettisoned shortly before re-entry. 

Each example of the SIM bay that flew carried two cameras: a mapping camera 
and a panoramic camera, both of which were heavily derived from aerial and space 
reconnaissance cameras that were classified at the time. Each bay also included a 
suite of sensors, some of which were deployed out on the ends of retractable booms. 
These could divine the mineral composition of the lunar soil by sampling its various 
emissions. On Apollos 15 and 16, a tiny satellite was ejected just before the crew left 
to come home. It monitored the particles and fields around the Moon for up to a 
year. 
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Configuration of the major instruments in the Apollo 15 SIM bay. (NASA) 


The full capabilities of the SIM bay were never brought to bear on the whole 
lunar surface, largely because the CSM’s orbit was defined by the position of the 
landing site. This limited the reach of the cameras and sensors to a narrow swathe 
near the equator. At one time, planners had envisioned an J-mission that would have 
placed a CSM in a polar orbit for a full month, from which its cameras could have 
imaged the entire surface at a consistent lighting angle, and its remote-sensing 
instruments could similarly have sampled the entire Moon. With Apollo in its 
declining years, funds for such a mission were not forthcoming and the scientists had 
to wait a generation for comprehensive coverage from advanced probes sent by a 
number of interested nations. 


The mapping camera 

The SIM bay’s mapping camera was really two cameras in one package, with a third 
instrument included to aid interpretation of the imagery. It was based on a wide-field 
camera designed in the 1960s as part of the then-secret Corona reconnaissance 
satellite programme to provide context images of target sites. The main instrument 
was the metric camera, a conventional photographic imager with a 76-millimetre lens 
that took wide-angle, often spectacular, square images on 127-millimetre wide film 
with a maximum resolution on the lunar surface of about 20 metres. Like the surface 
Hasselblads, the camera had a Reseau plate to imprint tiny crosses onto the image to 
allow researchers to compensate for changes in the film’s geometry over time. A 
large cassette carried over 450 metres of film which was sufficient for at least 2,500 
images. 
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The Apollo 15 CSM Endeavour showing its SIM bay. (NASA) 


When using such imagery for mapping purposes, it was vital to know the direction 
in which the camera was pointed. This information was supplied by the associated 
stellar camera. At the same time as a frame was being exposed by the metric camera, 
another was taken of the stars looking to the side. Since researchers knew the precise 
angle between the axes of the two optical systems, they could deduce exactly where in 
space the metric camera was aimed. To facilitate the sideways view of the stellar 
camera, the entire mapping camera system was mounted on a track that allowed it to 
extend out of the service module bay. 

The third part of the mapping camera system, the laser altimeter, determined the 
distance between the camera and the lunar surface to an accuracy of about one 
metre. This worked by sending extremely brief pulses of laser light to the surface 
along a line parallel to the metric camera’s axis. A detector then received the pulse 
reflected by the surface and accurately timed its return in order to obtain the 
distance. Altitude information was sent to Earth by telemetry and, when carried out 
simultaneously with a metric camera frame, was photographically coded onto the 
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Crater Alphonsus as photographed by Apollo 16’s mapping camera. (NASA) 


film. Both the stellar camera and the laser altimeter could continue operating while 
over the Moon’s darkened hemisphere — that is, the stellar camera served to locate 
the terrain sampled by the laser pulses in the darkness. 


The panoramic camera 

The more powerful of the two cameras in the SIM bay was the panoramic camera, 
which was also derived from contemporary secret reconnaissance cameras. Far from 
conventional, this large camera produced enormous negatives 114 mm wide and 1.15 
metres long. An exposure was made by rotating a large lens of 610-millimetre focal 
length from one side to the other while simultaneously winding film through the 
camera. The long axis of the resultant image was perpendicular to the spacecraft’s 
orbital track and documented a swathe of terrain 330 kilometres from end to end. 
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The imagery at the centre of the frame showed the ground directly 
beneath the spacecraft and could resolve features as small as two 
metres across. Included with the camera was a sensor that 
measured how rapidly the ground was moving past the camera in 
order to compensate for motion smear during the exposure. 
Additionally, the entire optical assembly could be pivoted 
forwards and backwards to facilitate stereo imaging of the same 
landscape with every fifth exposure. This huge camera was fed by 
a cassette that held two kilometres of film, sufficient for over 
1,500 exposures during a mission. 

Once the spacecraft had begun its long coast back to Earth, the 
CMP made a brief spacewalk down the side of the service module 
to retrieve the cassettes for both the panoramic and the mapping 
cameras. 


Remote sensing 

Lunar scientists took the opportunity, and the flowing money 
associated with Apollo, to endow the SIM bay with other 
capabilities in addition to its photographic coverage. These 
allowed measurements of the Moon’s composition to be taken 
across a wide area from orbit. These could be calibrated and 
contextualised by the ‘ground truth’ provided by the surface 
crews. 

Techniques for determining the composition of distant 
astronomical bodies were worked out by astronomers in previous 
centuries. In simple terms, they relied on the property of 
substances to radiate or absorb light in precise wavelengths, or 
energies. To the eye, each substance appears to have a 
characteristic colour which, when spread out into a spectrum by 
a spectrograph, reveals patterns of lines that act as a fingerprint of 
that substance. Spectra for common chemicals can be obtained in 
a laboratory. When the same patterns are observed in the light 
from distant bodies, researchers can be certain of the chemical 
constituents in that body. All you need is a spectrograph to break 
light into its separate colours and you can see the patterns of 
radiation or absorption that correspond to each substance. 

Using appropriate instruments, this basic technique can be 
expanded beyond the narrow range of light wavelengths that we 
see with our eyes to include the wider electromagnetic spectrum 
and the various particles associated with ionising radiation. As the 
CSM flew over the Moon, instruments in the SIM bay took 


A frame from Apollo 15’s panoramic camera showing Hadley Rille. 
(NASA) 
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advantage of the complete lack of a worthwhile atmosphere to determine the 
makeup of the surface using a varied suite of techniques. 


X-ray fluorescence spectrometer 

The Moon has little protection from the Sun’s constant output of x-rays that wash 
over its day-lit surface and strike whatever gets in their way. When they strike certain 
elements, particularly those at the lighter end of the Periodic Table, they cause the 
atoms to re-emit or fluoresce x-rays in certain well-defined energies. Therefore, by 
comparing the spectral make-up of x-rays from the Sun with x-rays from the sunlit 
lunar surface, scientists could identify some of the elements in the topmost layer. 
This was a particularly powerful technique because it could sense those elements that 
formed the bulk of rocky planets, namely oxygen, silicon, aluminium, magnesium 
and iron. Apollo’s x-ray spectrometer therefore consisted of two detectors, one of 
which was built into the SIM bay to receive x-rays from the Moon. The second was 
on the opposite side of the service module where it measured the x-ray flux from the 
Sun. 

It wasn’t long after the SIM bay was used for the first time on Apollo 15, that a 
comparison was made of the signals from the x-ray spectrometer with altitudes 
from the laser altimeter revealing an important clue to the Moon’s history. 
Scientists had noticed that a graph from the laser altimeter showing the surface 
elevation beneath the CSM bore a strong resemblance to another from the x-ray 
spectrometer showing the concentration of aluminium along the same path. The 
aluminium concentration declined in low-lying terrain. The significance of this lies 
in the fact that aluminium is a relatively lightweight element. The discovery that its 
concentration was greater in the highlands strongly implied that, at one time, the 
Moon must have been largely molten to allow that element to rise to the top. This 
ran counter to one of the two popular theories about the Moon’s genesis that were 
vigorously debated at that time. 

One school, dubbed the ‘cold Mooners’, believed that the Moon accreted from 
the solar nebula without generating significant internal heat, that the large basins 
on its surface were made by impacts and that the maria were splashes of melted 
rock which pooled in low-lying areas. The ‘hot Mooners’ believed that the interior 
of the Moon was sufficiently hot for thermal differentiation into a core and a 
mantle, and that it had later undergone substantial surface volcanism, creating the 
maria. 

Both schools had grasped elements of the truth. Current theories contend that 
upon its formation, the Moon was so hot that its mantle was completely molten in 
what is descriptively called a magma ocean. Within this fluid mass, gravity allowed 
the various constituents of the magma to migrate either up or down according to 
their weight, such that the fresh crust tended to have a high concentration of 
aluminium. The fact that strong evidence of this chemical differentiation is still 
extant today is testament to the extraordinary antiquity of the lunar surface when 
compared to that of Earth. 
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Mass spectrometer 

Mounted on the end of a boom to place it clear of the spacecraft was the mass 
spectrometer. It was designed to characterise any lunar atmosphere by measuring the 
atomic weight of the atoms and molecules that entered an aperture on one side of the 
instrument. They were promptly electrically charged, or ionised, by electrons from a 
filament source. A magnet then diverted the path of the resultant ion stream towards 
a pair of detectors. Simply stated, the heavier an atom or molecule, the more 
resistant is its motion to change by an applied magnetic field. By measuring the 
deflection of the particle stream, the masses of its constituent parts could be 
determined. 

When it was deployed out of the SIM bay, its inlet aperture faced away from the 
bulk of the CSM and in the same direction as the engine bell in an attempt to shield it 
from the gases that emanated from the spacecraft. During its time in lunar orbit, the 
instrument was flown with the inlet either facing the direction of travel or facing 
backwards. The hope was that differences between the two modes of operation 
would allow scientists to discriminate between atoms that were genuinely part of the 
Moon’s atmosphere (which should tend not to enter when the inlet was facing 
backwards) and those that were coming from the spacecraft (which would enter from 
either direction). 

In practice, little difference was detected whichever way the inlet faced, implying 
that most of what was being detected was essentially pollution from the spacecraft. 
This supported, on a global scale, the same results that researchers were finding from 
ALSEP experiments placed by Apollos 12, 14, 15 and 17. These were deluged with 
contaminants from the Apollo spacecraft, which made it very difficult to extract 
natural data from their results. This was hardly surprising considering that estimates 
for the total mass of the natural lunar atmosphere were around 10 tonnes — a figure 
very similar to the quantity of gases released during each Apollo mission, mostly 
from operation of the descent and ascent engines. Essentially, each Apollo flight 
temporarily doubled the mass of the entire lunar atmosphere. 


Alpha-particle spectrometer 

Although the Moon appeared to be a very dead world to anyone who looked at it, 
scientists wondered if some traces of volcanism were still spluttering in some corner 
of the globe. Tantalisingly, some telescopic observers had reported seeing ‘emissions’ 
in the form of brief glows and hazes, which kept alive hopes of finding extant 
activity. The alpha-particle spectrometer was designed to look for indications of such 
activity. 

Lunar rock samples from earlier missions were found to contain traces of 
uranium and thorium, two elements which, through their radioactivity, decay to 
form gaseous radon-222 and radon-220 among other elements. The alpha-particle 
spectrometer could detect these substances from lunar orbit by their emission of 
alpha-particle radiation — essentially the nuclei of helium atoms — as they further 
decayed and, by inference, locate areas of possible volcanism or other features that 
might cause the concentration of uranium and thorium to vary. Any emissions 
from the Moon of gases such as carbon dioxide and water vapour would also be 
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detectable as they would be expected 
to include a small amount of decay- 
ing radon gas. 

The major result to come from 
this instrument was that there is a 
small degree of outgassing of radon 
at various locations on the Moon, 
especially in the vicinity of the 
prominent crater Aristarchus — a 
result confirmed a generation later 
by the Lunar Prospector probe. 
Interestingly, Aristarchus, which is 
also one of the brightest places on 
the Moon, was the locale for some of 
the reported emanations seen by 
telescopic observers. These tentative 
indications of possible ongoing lunar 
activity should be seen in the light of 
studies of a crater, Lichtenberg, on 
the western side of Oceanus Procel- 
larum. This crater exhibits a ray system that is believed to be just less than a billion 
years old, which is quite young by lunar standards. Yet, on a world where most of 
the basalt is much older, a distinctive dark lava flow has obliterated much of its 
southern ray system. From this evidence, and as far as is known, the final gasps of 
lunar volcanism occurred about 800 million years ago. To put this into a terrestrial 
context, this is 300 million years before complex multicellular life appeared on 
Earth. 

The detection of radon gas, particularly at Aristarchus, is best explained by the 
effect of the huge impact that formed the Imbrium Basin, within which Mare 
Imbrium now lies. The current magma ocean theory of the Moon’s early evolution 
not only explains the richness of aluminium in the upland regions of the Moon, but 
also predicts that, as the magma ocean cooled, the last vestiges of lava to solidify 
would have been rich in the KREEP elements that would have found it difficult to 
become part of the rock’s crystal lattice. Geologists now believe that the violence of 
the Imbrium impact event nearly four billion years ago was enough to punch 
through the crust and excavate KREEPy rocks to the surface. A lot of this slightly 
radioactive rock was covered by the lava flows that drowned the western portion of 
the Imbrium Basin over three billion years ago. Then half a billion years ago the 
impact that formed Aristarchus drilled through the layers of basalt to re-excavate 
KREEPy material. 


Lunar Orbiter image of Lichtenberg, its ray 
system obscured by a dark lava flow. (NASA) 


Gamma-ray spectrometer 

Complementing the x-ray spectrometer in an effort to characterise the surface 
composition was the gamma-ray spectrometer. This instrument was designed to 
detect two expected sources of gamma rays. One was from the nuclei of some 
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elements in the lunar surface, particularly iron, which will react to cosmic rays by 
emitting gamma rays of a precise energy. Another source came from the radioactive 
decay of other elements, especially the radioactive constituents of KREEPy material; 
potassium, thorium and uranium, whose gamma-ray emissions are of a well-known 
energy. Mounted on the end of a 7.6-metre boom that removed it from 
contaminating sources around the spacecraft, the gamma-ray spectrometer helped 
to paint a picture of the composition of the Moon along the spacecraft’s ground 
track. 


That other scientific instrument: the eye 

Apollo is very unusual in the history of planetary science, for although it carried the 
kind of instruments that most probes to the Moon and planets would sport, it had 
one extra resource — a human. Therefore, while the instruments of the SIM bay were 
looking down at the Moon, the command module pilot, if he was not too busy, could 
also peer out of a window and report and photograph what he saw. 

Coming as they did from the test pilot fraternity, none of the Apollo CMPs was a 
career scientist. However, like most of their colleagues exploring the surface, their 
profession made them very skilled observers, adept at perceiving, remembering and 
describing details of what they saw. Moreover, compared to the photographic films 
used throughout the Apollo programme for image capture, the dynamic range of the 
human eye, and its ability to discern subtle hues, made it more able — especially when 
coupled with a curious mind — to scan intelligently for interesting detail. 

The increasing scientific focus of the later Apollo missions meant that it was not 
only the surface crews who were trained intensively in geology. The CMPs also 
received instruction in the subject from Farouk El-Baz, an enthusiastic teacher who 
focused on the interpretation of a landscape from an aerial perspective. In exercises 
prior to their missions, they were taken up in small aircraft to fly over the types of 
terrain on Earth that were considered likely to assist them in interpreting the lunar 
terrain. This often meant flying above volcanic landscapes in the western deserts of 
the United States and Hawaii. In lunar orbit, the CMP could then seek features 
that might be of further interest to El-Baz and his colleagues. Since the 
photography from the cameras in the SIM bay would not be seen until they had 
been processed after the flight, the CMP could help scientists to plan further 
photographic sorties while the mission was still in progress. An example of this 
occurred during Al Worden’s solo tenure in Endeavour as he coasted over western 
Mare Imbrium. The Sun had just risen across this basaltic expanse and the lighting 
was so shallow that it brought out the more subtle undulations in the surface, as he 
explained to Capcom Karl Henize. 

“At this low Sun angle, I can very clearly see some lava flows coming out of what 
appears to be a ridge, extending in both directions from the ridge. And I wasn’t set 
up this time to take a picture of it, but it might be interesting on the next pass if we 
could get a PAD to take a picture of that.” 

“Very interesting. Which window are you looking out?” 

“Tm looking out window 3.” This was the circular window on the main hatch. 
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Lobate lava flows running across the surface of Mare Imbrium. Photographed by Al 
Worden, Apollo 15. (NASA) 


“Thank you,” replied Henize. ‘Sounds like an interesting observation, and I’m 
sure the guys down below will be sending you up more work to do as a result. Be 
careful there, now.” 

The scientists duly passed up instructions for Worden to use his Hasselblad and 
the mapping camera to photograph these features. The extremely thin flows he saw 
were compelling evidence that areas like Mare Imbrium had been filled by lava in a 
sequence of small eruptions over a long period of time. He talked about them after 
the flight. 

“T get the impression that there are just hundreds of flows that filled up the basin. 
They all look like, for example, you’d take a pail of water and sluice it out into a 
skating rink and let it freeze in place; then, if you do that 15 times around the same 
area, you would get this overlapping mixed up ice. All the flows were very thin and 
appeared as if they came out and froze in place.” 

Worden’s flight path took him directly over Mare Serenitatis, another roughly 
circular sea of frozen lava that had filled an impact basin. On the west side of this 
700-kilometre plain stood an impressive range of rounded mountains, the 
Apennines, beyond which, his colleagues were exploring a magnificent embayment 
cut through by the meanders of Hadley Rille. There was another range on the 
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eastern side of Serenitatis that was rather less majestic, known as the Taurus 
Mountains. Within this highland area, south of the crater Littrow, stood a cluster of 
fine hills between which were a series of valleys whose floors were as dark as any 
place on the Moon. Worden regularly observed this area and closely studied how the 
hues of the Serenitatis lavas changed towards the mare shore. On his third viewing 
opportunity, he looked more closely at the dark valley floors. 

“Okay. I’m looking right down on Littrow now, and a very interesting thing. I see 
the whole area around Littrow, particularly in the area of Littrow where we’ve 
noticed the darker deposits, there are a whole series of small, almost irregular shaped 
cones, and they have a very distinct dark mantling just around those cones. It looks 
like a whole field of small cinder cones down there. And they look — well, I say cinder 
cones, because they’re somewhat irregular in shape. They’re not all round. They are 
positive features, and they have a very dark halo, which is mostly symmetric, but not 
always, around them individually.” 

“Beautiful, Al,” replied his Capcom Bob Parker. 

This report of cinder cones, along with Worden’s earlier descriptions of distinct 
colourations in the region, became one of the major reasons for sending Apollo 17 
into one of these valleys 17 months later to seek evidence of recent lunar volcanism 
and determine whether the dark mantling was pyroclastic in origin. The pull of 
volcanics was sufficient to counter arguments from other quarters that to land at the 
edge of another major mare would essentially be a repeat of Apollo 15, even to the 
extent that the ground track would cover much the same landscape. In turn, this 
latter point prompted the decision to assign Apollo 17’s SIM bay a different set of 
instruments in order to further study that track. 

It has been said that because the CMPs on the J-missions had been trained to 
look for volcanics, that is exactly what they found. Worden’s ‘cinder cones’ 
observation is a case in point. One of these cones was later named Shorty crater by 
the Apollo 17 crew. When they visited it, they were astonished to discover deposits 
of bright orange soil on the rim of what was obviously an impact crater, not a 
volcanic cone. As so often happened on Apollo, and with any true exploration, 
theories proved lacking and had to be replaced with new interpretations based on 
ground truth. 

The twist in the story of Shorty was that although this crater was of impact origin, 
as shown by its nature, its orange soil did turn out to be related to volcanic processes. 
The soil consists of tiny orange glass beads that have been dated at 3.64 billion years 
old when, as molten rock, they were sprayed from a ‘fire fountain’ to rise perhaps 
hundreds of kilometres into the lunar sky before falling into the valley, soon to be 
buried by a lava flow. The dark mantling across the whole valley was a mixture of 
ancient orange and black pyroclastic glass. At one end, light-toned avalanche 
deposits had been laid on top and the impact that created Shorty had simply 
punched through to excavate the ancient volcanic deposits as an ejecta blanket of 
dark material around the crater. 


Infrared scanning radiometer 
Had the Moon been a smooth, featureless body with no variations in its composition 


Science station in lunar orbit 391 


Apollo 17’s landing site at Taurus-Littrow. CSM America is visible above centre and the 
dark-haloed crater, Shorty, is the arrowed smudge. (NASA) 


or surface structure, then the expected heating and cooling of its surface would be 
simple to predict. The temperature of any object in space that does not have its own 
heat source is a balance between the heat it absorbs from the Sun and any other 
sources, and the heat it radiates into space. These properties are strongly affected by 
the thermal conductivity of the surface, its structure, its reflectivity, or albedo and the 
angle of illumination. Under a vertical Sun, surface temperatures can reach well over 
100°C while just before lunar dawn after the 2-week-long night they can fall as low as 
—180°C. In the permanently shadowed craters at the lunar poles, it can be —230°C. 
Since different materials in their various forms will heat and cool in different ways, 
important clues to its nature can be gained by studying the detailed temperature of 
the lunar surface. 

Apollo 17’s infrared scanning radiometer was an early attempt to measure the 
Moon’s thermal profile by having an infrared sensor pass over the landscape, both 
night and day, as the spacecraft orbited overhead. The concept is similar to the 
thermal pictures taken of houses in cold climates to show where warmth from the 
building is being lost, except that Apollo’s sensor was only a single point, like a one- 
pixel camera. There was no multi-line or multi-pixel imaging sensor to create a 
‘picture’, and images had to be processed from the results of the spot scanning a site 
over multiple passes, one line per orbit. 

The instrument showed how varying rock types within craters could strongly 
affect the temperature profile of a landscape. For example, at night time, the central 
area of the crater Kepler proved to be over 30°C warmer than the surrounding mare, 
perhaps due to exposed rocks at the bottom of the bowl absorbing heat from the 
daytime and slowly radiating it at night while the surrounding dust chilled quickly. It 
was hoped that hot spots might be found over the night-time hemisphere indicating a 
source of volcanism, but none was found. 
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This radiometer was a forerunner of a later generation of instruments that have 
provided thermal images of many of the solar system’s worlds. Notable among such 
instruments was the thermal emission spectrograph which could analyse infrared 
light to deduce rock types. These were used at Mars, both in orbit and on the surface, 
to locate rocks that implied a history of running water on the red planet. Apollo was 
paving the way, but with a much cruder technology. 


Far-ultraviolet spectrometer 

Previous experiments on and around the Moon had shown the lunar atmosphere to 
be incredibly tenuous. Scientists hoped to characterise what little there was by 
looking at the emissions it gave off in the ultraviolet region of the spectrum as 
atmospheric atoms fluoresced in the presence of solar ultraviolet radiation. They 
were surprised that this spectrometer could find no trace of an atmosphere around 
the Moon except for a transient atmosphere generated by the exhaust from the LM 
engines. 


Radar to the Moon 

One of Apollo’s major contributions to planetary science was to help to push the 
development of radar on an orbiting vehicle as a tool to investigate the surface and 
subsurface of a planet or a moon. From the simple experiments conducted on 
Apollo, such technology has gained profound capabilities that allow the shape or 
topography of a surface to be accurately profiled. Moreover, depending on the 
nature of the soil it can ‘see’ buried structures to a depth of one kilometre, and 
since it does not require light, it allows unlit and cloud-covered terrain to be 
viewed. 

Starting with Apollo 14, radar tests became a normal part of the CMP’s solo tasks 
when the spacecraft’s S-band (around 2,200 MHz) and VHF transmissions (around 
260 MHz) were aimed at the Moon to be received by large dish antennae on Earth. 
These bistatic tests were so called because, unlike most radar setups in which the 
transmitting and receiving antenna is one and the same, here two antennae were 
used, separated by a distance similar to the target distance. As a result, these tests 
required no additional equipment on the CSM and were simply a bonus from using 
what was already available. Researchers could determine the electrical properties of 
the surface by seeing how the strength of the reflected radio wave varied with its 
incident angle. And the interplay between the spacecraft’s orbital motion and the 
resultant Doppler effect on the signal’s frequency allowed discrete lunar features to 
be ‘seen’ in the signal’s received spectrum. 

For Apollo 17’s lunar sounder, researchers took the technology to the next level. 
Specialised antennae were mounted on the service module to send pulses of radio 
energy towards the Moon and to receive the reflection, including any modification 
due to its interaction with the surface. Results from the radar were recorded optically 
on film for later analysis on Earth. 

The lunar sounder was the prototype for radar systems that successfully imaged 
the cloud-covered landscapes of Venus and Titan, searched for underground geology 
and ice deposits on Mars, and mapped the surface topography of most of Earth. 
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THE MOON AFTER APOLLO 


The Apollo programme left behind an archive of data and over a third of a tonne of 
samples, which, to repeat the publicist’s mantra, really did keep scientists “busy for 
years” and they have formed the bedrock on which theories of planetary formation 
and evolution have been built. Prior to the space age, planetary science was in the 
doldrums, with only blurred photographic evidence to feed scientific curiosity. With 
Apollo’s scientific harvest, planetary science entered an age in which ground truth — 
actual rocks gathered in situ — could inform new theories and help to sort the wheat 
from the chaff. 

Our current understanding of how the Moon was formed first gained acceptance 
at a conference in Hawaii in 1984. This idea, chiefly proposed by William Hartmann 
and Alistair Cameron, has yet to be toppled. It is a story of birth rising out of 
incomprehensible violence. 

Our solar system formed about 4,600 million years ago out of a coalescing cloud 
of dust and gas known as the solar nebula. Most material ended up in the Sun, but 
some formed a disk out of which the planets gradually grew, or accreted — a process 
whereby gravity causes loose material in space to gradually gather into ever larger 
bodies. The light pressure and solar wind from the new star tended to push lighter 
substances out to the further reaches of the system while heavier substances tended 
to remain in the Sun’s vicinity. This created predominantly rocky planets near the 
Sun, gaseous giants further out, and frozen worlds beyond the point at which even 
gases become liquid or solid. 

About 40 million years after the solar system’s birth, two nascent planets were 
orbiting the new Sun at similar distances and it was only a matter of time before they 
met. The larger body, our proto-Earth, received an off-centre impact by a body half 
its diameter in a tremendous cataclysm. The iron cores of the two worlds merged and 
a large amount of mantle material was ejected to form a giant cloud of debris around 
what was now Earth. 

In a relatively short time, some accounts suggest within only a year, this ejected 
material had itself coalesced to form a new, smaller world — the Moon. As it did so, 
the huge energy of its fast accretion melted its outer layer to form an ocean of molten 
rock, or magma, that lasted long enough to fractionate — like a salad dressing that 
has been left in a cupboard for too long. As the lighter components rose to the top, 
they cooled and crystallised to form a solid crust. They were typically light-coloured 
and rich in aluminium. Below the crust, in the mantle, the rocks were heavier and 
richer in iron. The regions that were last to solidify gathered up those elements that 
had difficulty fitting into the crystal lattice, leading to them being described as 
KREEPy. 

The solar system was still a mass of debris for the first 800 million years of its 
existence and large impacts were commonplace on all the planets. The Moon retains 
the scars of this bombardment in the form of large craters, often overlapping one 
another, all over its lighter-toned surface. During this time, it sustained a particularly 
large collision when an object gouged out the South Pole-Aitken Basin, a 2,500- 
kilometre depression on the Moon’s far side. About four billion years ago, the 
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impact of large objects seems to have peaked before tailing off suddenly. The dark 
patches we now see on the Moon’s near side were mostly formed within huge circular 
basins that were formed by the largest of these impact events. Of particular interest 
to the lunar science community was the Imbrium Basin, which was dated to 3.91 
billion years ago from Apollo samples. Scars from its formation can be traced across 
much of the near side and therefore its age provides an important benchmark for the 
relative ages of other superimposed features. As noted, the formation of this basin 
excavated rock from deep within the Moon that had KREEPy characteristics. 

About half a billion years later, prodigious quantities of lava, rich in iron and 
magnesium, were erupted through the fractured crust. It filled the basins and other 
low-lying areas to form enormous smooth basalt plains to which we applied 
romantic names like Mare Tranquillitatis, Mare Serenitatis and Oceanus Procellar- 
um. The last gasps of this activity probably died out ‘only’ about a billion years ago 
but its peak was around 3.3 billion years ago. Since then, little has changed on the 
Moon. The material from the bottom of the Apollo 15 deep core had lain 
undisturbed for 500 million years. Every few tens of millions of years, there is a very 
large impact that produces a spectacular fresh crater and sprays the landscape with a 
new layer of rubble and dust. Apart from that, the occasional large object and a slow 
but incessant barrage of hypervelocity grains of dust sandblasts the top layer of the 
surface. Across the eons, the topography becomes rounded off and the landscape is 
draped with a thickening blanket of ground-up rock, the lunar regolith. 

This is the kind of profound knowledge produced by careful, focused exploration. 
As later generations of probes extended our reach into the depths of the solar system, 
their new data has elaborated on the story of planetary genesis gleaned by men who 
explored a new world in person and applied the power of human intelligence. 
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Rendezvous and docking 


Getting off the Moon and returning to the relative safety of the command module 
was a feat that literally defined the mission plan. NASA even named it /unar orbit 
rendezvous (LOR) in view of the important benefits the technique promised in overall 
weight savings, including that of the launch vehicle. Yet, to many in NASA in the 
early 1960s, it seemed suicidal for one tiny spacecraft to launch and attempt to pull 
up alongside another tiny spacecraft, each whizzing along at some 5,800 kilometres 
per hour, around another world nearly half a million kilometres away. At that time, 
no one had even attempted rendezvous in the relative safety of Earth orbit in 
spacecraft that could at least return to the ground if things went awry. Space 
navigation techniques were rudimentry at best. There were no GPS satellites around 
Earth and even spaceborne radar techniques were merely theoretical. It was a 
measure of the managers’ faith in their engineers and scientists that they felt 
confident to march ahead with an apparently hare-brained scheme which, if it were 
to go wrong, would doom two men to certain death in lunar orbit. 

Once LOR had been chosen as the preferred mission mode, NASA needed to 
practise the techniques of rendezvous around Earth. Through 1965 and 1966, the ten 
missions of the Gemini programme turned rendezvous from a frightening unknown 
manoeuvre into a routine operation. Appropriate procedures were learned through 
successive flights beginning with simple tasks: 


e Could the manoeuvrable Gemini spacecraft station-keep with its spent upper 
rocket stage? 

e Could two independently launched spacecraft rendezvous and station-keep? 

e Could a spacecraft rendezvous and then dock with an unmanned target? 

e Could it achieve the same feat within a single orbit? 


All these lessons built NASA’s confidence in its procedures, and were directly 
applicable to Apollo’s need to rendezvous and dock around the Moon. The Gemini 
programme is often overlooked by writers eager to tell the story of how NASA 
prepared to venture to the Moon. But without it, Apollo could never have succeeded 
within President Kennedy’s deadline. Years later, David Scott, Gemini 8 pilot and 
veteran of Apollos 9 and 15, reflected: “You go away back, it was a big mystery 
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doing a rendezvous. Magic mysterious stuff! Now it’s just straight off — choof, 
bang.” 


ORBITAL MECHANICS 


It will help the reader to understand the concepts behind rendezvous if a short 
diversion is taken into the field of orbital mechanics. At first glance, this topic seems 
arcane and, if studied rigorously, it is. Additionally, it can appear counter-intuitive 
but the basic concepts behind the subject are easy enough to grasp, and are really an 
extension of the orbital lessons discussed in Chapter 4. 

To lay down the groundwork for this we need to establish some basic ideas. 
Unless some kind of propulsion is being used, all movement in space is governed by 
the gravitational attraction of the bodies (stars, planets, moons, asteroids, etc.) 
among which things move. In general, the gravity of the nearest large body 
dominates, so for the purposes of this explanation we shall ignore the pull from other 
bodies. Any spacecraft in orbit moves around the central body in an ellipse. Even a 
perfectly circular orbit is treated as a special form of ellipse whose eccentricity value 
is zero. 

There are three principles to bear in mind with orbital motion. First, a 
spacecraft in a higher orbit takes longer to go around than one in a lower orbit. At 
first glance, this appears obvious because there is a longer circumference to travel, 
but that is only part of the story. The more important point to grasp is that it really 
is a slower orbit. The spacecraft is moving at a slower linear speed because the pull 
of gravity from the central body becomes weaker with distance, and hence a lower 
speed can maintain the perpetual fall that is orbital motion. As an illustration, the 
Saturn V inserted the Apollo spacecraft into an orbit only 170 kilometres above 
Earth, taking only an hour and a half 
to go around at a linear speed of 7.8 
kilometres per second. Geostationary 
satellites, which are the mainstay of 
global communications and _televi- 
sion satellite broadcasting, orbit 
35,800 kilometres above Earth’s 
equator, take 24 hours to get around 
once and travel at only 3.1 kilometres 
per second. 

With this in mind, we can see a 
method by which one spacecraft can 
manoeuvre with respect to another, 
assuming that both are travelling in 
the same orbital plane. If the target 
ship is ahead, a pursuer can catch up 
Diagram of variation of orbital period with with it by manoeuvring into a lower 
altitude. orbit, which is achieved by firing 


against the direction of travel, as if trying to 
get away from the target. We said it was 
counter-intuitive. The burn will cause the 
pursuer to fall into a lower orbit, which will 
have a shorter period and a higher linear 
speed. This will allow it to catch up with the 
target. The difficulty lies in choosing the 
exact moment to start climbing back into the 
original orbit, which we shall deal with later. 
The reverse is also true. If the pursuer is 
ahead in the orbit, it can ‘slow down’ by 
accelerating forward, which causes it to rise 
to a higher and therefore slower orbit. It can 
then drop down again when the target has 
caught up. 

The concept of changing from one orbit to 
another is a common requirement in space- 
flight and is embodied by our second 
principle which we have already met in 
Chapter 4 as the Hohmann transfer orbit. It 
is the most efficient and simplest way to 
change an orbit whereby firing a spacecraft’s 
engine along the direction of motion at one 
point in the orbit will increase its speed and 
thereby raise the altitude that will be reached 
on the opposite side of the orbit. Firing 
against orbital motion will slow the space- 
craft and lower the altitude of the opposite 
side of the orbit. Control of the total impulse 
from the burn allows control of the altitude 
that will be reached at the opposite side. We 
have met this already in the way the CSM 
and LM made burns around the Moon’s far 
side to raise and lower their near-side 
altitude. 

To move from a lower circular orbit to a 
higher one, a burn must be made in the 
direction of motion until it is calculated that 
the point in the orbit opposite the spacecraft, 
now the apogee, is at the height of the 
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Diagram of basic rendezvous 
techniques. 


intended circular orbit. Once the spacecraft has coasted around in its orbit to its 
apogee, another burn must be made along the direction of motion to raise the perigee 


until it equals the apogee’s altitude. 


So far we have dealt with two spacecraft within the same orbital plane. The third 
principle behind orbital mechanics deals with the situation when the two objects are 
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in different orbital planes. This is a common requirement, since few launch sites are 
located equatorially yet many satellites need to reach a geostationary orbit above the 
equator. For example, a spacecraft launched from Cape Canaveral will necessarily 
have an orbital inclination of at least 28 degrees; this being the latitude of that site. 
The most efficient way for a spacecraft to move from one orbital plane to another is 
for it to make a burn at the point in the orbit where the two planes intersect, known 
as anode. Unfortunately, the physics of the situation dictate that all but the smallest 
of plane changes will be expensive in propellant — indeed to move a communications 
satellite from a 28-degree low Earth orbit to its geostationary outpost requires 
almost as much energy as would be required to send it to the Moon! For Apollo, it 
was vital to minimise plane change manoeuvres, especially for the LM’s ascent stage 
where propellant margins were very tight. 


Plane change manoeuvre 

When the entire Apollo stack of LM and CSM arrived at the Moon, it was placed in 
an orbit that would pass over the landing site at the time of landing. After the LM 
had set off for the surface, the CSM returned to a 110-kilometre orbit if it wasn’t 
already there. While the surface crew carried out their exploration, the Moon 
continued to rotate on its axis and, in most cases, took the landing site away from the 
orbital plane of the CSM. The exception was Apollo 11, for which the landing site 
and the CSM’s orbit were more or less aligned with the equator, with the result that 
the landing site did not significantly stray from the CSM’s ground track. On all the 
other landings there was sufficient tilt in the CSM’s orbit to require a plane change 
manoeuvre, and given the LM’s minimal fuel reserves, it was most efficient for the 
CSM to make it. Therefore, at some point while his colleagues were on the surface, 
the CMP in orbit executed a plane change manoeuvre. 

Changing the plane of the orbit required a burn of the SPS engine of between 10 
and 20 seconds. Unlike height adjusting burns that added or subtracted energy from 
the orbit by firing along the spacecraft’s direction of motion, a plane change burn 
was usually made at right-angles to the orbital plane, often near the point where it 
crossed the Moon’s equator. Preparations for this burn were just the same as for any 
other SPS burn, except that it was usually made using only one of the two engine 
control systems in view of its short duration and, similar to the circularisation burn, 
everything had to be done by the CMP alone. In mission control, FIDO calculated 
the details of a burn that would achieve the objectives with minimum use of 
propellant. This information was written on a PAD and read up to the lone 
crewman, ready to be entered into the computer under Program 30. 

Richard Gordon was the first CMP to fire the spacecraft’s big engine alone in 
lunar orbit. Rather than make the burn just before the LM returned, he carried it out 
the previous evening, at the end of the day they landed. “I realised at this time that it 
had been a real long day and I was tired and more prone to make mistakes. I 
certainly didn’t want to be making mistakes during an SPS burn.”’ Normally for any 
SPS burn, two of the crewmen worked together through a checklist using the 
‘challenge and response’ technique designed to ensure that no step was missed — a 
luxury the solo CMP did not have. Gordon’s solution was to have mission control 
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listen to him as he went through each step. Fortunately, unlike most SPS burns, the 
plane change was made while in communication with Earth and he had 14 minutes 
between acquisition of signal (AOS) and the actual burn. 

“When I came around this time and had AOS, I chose to go to VOX operation 
and read the checklist as I performed it, to the ground so they could monitor exactly 
where I was, exactly what I was doing, and would be abreast of the status of the 
spacecraft at all times.”” VOX meant that his transmissions were controlled by a 
voice-operated switch. Each time the CMP spoke, his words were transmitted to 
Earth, and there was no need to operate a push-to-talk button. “It gave me the 
assurance that I was reading the checklist correctly, not leaving anything out. Now, I 
would think that the ground probably appreciated this. They knew exactly where I 
was in the checklist, what I was doing, and if I was behind and if I was ahead, so if 
any particular problem came up, they knew that I was with it or behind it.”” Without 
the weight of his two crewmates and their lunar module, the SPS burn felt much 
more sporty, as Gordon noted post-flight: ‘““The acceleration, of course, is much 
more noticeable than with the LM docked.” 


CSM to the rescue 

Given a normal mission, the role of the CMP might seem to be minimal in the 
upcoming orbital ballet of rendezvous, but NASA’s defence-in-depth policy ensured 
that he would have plenty to keep him occupied. It is true that the LM was always 
the active participant, as it was its responsibility to get off the Moon, into lunar 
orbit, then find, track and pull alongside the CSM. But the CMP had the role of 
rescuer in case the LM failed to execute the rendezvous. For this possibility, he had 
practised a wide range of scenarios where the CSM would become the active 
spacecraft and would hunt down an ailing LM. 


WE HAVE LIFT-OFF ... FROM THE MOON! 


The various rescue plans for the CSM meant nothing if the LM could not get off the 
Moon and reach some kind of orbit. Should the ascent engine have underperformed 
for some reason and come up significantly short on velocity, the surface crew would 
be doomed within an hour of lift-off. If it failed to ignite, they were doomed to expire 
on the surface. This was Michael Collins’s private fear as Neil Armstrong and Buzz 
Aldrin prepared to make their ascent in the top half of Eagle. “When the instant of 
lift-off does arrive, I am like a nervous bride. I have been flying for 17 years, by 
myself and with others; I have skimmed the Greenland ice cap in December and the 
Mexican border in August; I have circled the Earth 44 times on board Gemini 10. 
But I have never sweated out any flight like I am sweating out the LM now. My 
secret terror for the last six months has been leaving them on the Moon and 
returning to Earth alone; now I am within minutes of finding out the truth of the 
matter. If they fail to rise from the surface, or crash back into it, I am not going to 
commit suicide; I am coming home, forthwith, but I will be a marked man for life 
and I know it.” 


400 Rendezvous and docking 


When compared to the fuss and bother of a launch from Earth, with its 
enormous launch gantries, heavy concrete pads, ground support equipment and 
launch control facilities, it is almost amusing to consider the relative ease with 
which two Apollo crewmen harnessed themselves into position, configured their 
spacecraft for launch and pressed a button to get themselves off the surface of 
another planet. The difference, of course, is that Earth is at the bottom of a very 
deep gravity well and every last item required for an Apollo voyage had to be lifted 
through a thick atmosphere and hurled towards the Moon. Such a feat required a 
vehicle of immense power and complexity — the Saturn V — and a cast of hundreds 
to send it on its way. The LM ascent stage, on the other hand, was a far simpler 
machine, made as light as could be and it would launch from an airless world 
whose gravity was barely one-sixth that of Earth. And given that its task was 
merely to rendezvous, it would require to provide only several hours of life 
support. 

By the time the advanced Apollo missions got into their stride, NASA had enough 
confidence to partially power the LM down during the lunar stay, conserving battery 
power and permitting three days of exploration. In particular, the primary guidance 
and navigation system (PGNS) was turned off. Turning it back on involved a 
complete realignment of its guidance platform. As with platform alignments in 
space, the crew used the alignment optical telescope (AOT) mounted into the top of 
the LM to sight on a star. A major difference in the procedure came from the use of 
the direction of gravity as their second reference. 

Earlier, the crew had temporarily depressurised the LM cabin to throw out any 
items not needed for the journey to orbit, especially the back packs that had kept 
them alive on the surface. They would keep their suits on until they returned to the 
CSM but would be connected directly to the LM’s supply of oxygen and coolant. 
Other equipment and samples had to be carefully stowed in predetermined positions 
around the cabin to ensure that the centre of mass of the ascent stage remained as 
near to ideal as possible — the further it was from ideal, the more the RCS thrusters 
had to work during the ascent to maintain the stage’s attitude. 

If the pressure of time allowed, the surface crew would try to test their rendezvous 
radar on the CSM as the mothership passed over the landing site one orbit prior to 
lift-off. The rendezvous radar worked with a transponder on the CSM to provide 
range, range-rate and direction to its quarry. Its dish was mounted above the LM’s 
front face and could move up and down or side to side as it tracked the CSM from a 
distance of up to 750 kilometres. At the same time, the CMP carried out a tracking 
program in his computer to help aim the 28-power sextant at the landing site. By 
taking marks on the LM centred in his viewfinder, he helped mission control to 
improve their reckoning of the LM’s state vector — information that was loaded into 
the LM computer shortly before lift-off. 

Mission control then read up a lift-off PAD to both the LM crew and the CMP 
that gave details of their rendezvous. On later missions, two PADs were sent 
covering two types of rendezvous — one as a fallback in case the other had to be 
aborted. With less than an hour to lift-off, the commander gave his RCS thrusters a 
check by firing them while still sitting on the surface. When Pete Conrad did this, he 
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managed to blow over an umbrella-like dish antenna that he and Al Bean had 
deployed on the surface and the resultant loss of communications meant they had to 
switch over to the high-gain dish on the roof. Power was then switched away from 
batteries in the descent stage to a pair of batteries in the ascent stage. Flight control 
displays were set up for flight and the abort guidance system (AGS) was initialised to 
back up the PGNS for rendezvous guidance. 

Proceeding on through the launch checklist, the surface crew donned their 
helmets and gloves. They were about to ignite the ascent stage’s engine while it sat 
on top of the discarded descent stage, which raised the possibility of the pressure 
wave from combustion compromising the LM hull. It was therefore wise to be fully 
suited for the ascent. Then with all checks completed and only a few minutes 
remaining to lift-off, the crew could make their final preparation to leave the 
surface. 

“Stand by. You ready to watch the APS pressurise?” Apollo 15’s David Scott was 
checking to make sure that mission control was going to watch the vital signs from 
the ascent stage’s propulsion system, the APS. Its tanks had remained unpressurised 
until this point. 

“Okay, let’s let her go,” replied Ed Mitchell. It had become customary for the 
LMP from the previous mission to serve as Capcom for ascent because his 
awareness of what the LM crew were trying to do made him particularly suited to 
this role. 

To pressurise the tanks, explosively actuated valves from two very-high-pressure 
helium tanks were operated to release the gas into the propellant tanks and bring 
them up to their working pressure. Mission control checked each tank in turn, fuel 
and oxidiser, to ensure that if there were any signs of a leak, lift-off could be carried 
out as soon as possible in order to minimise propellant loss. “Okay, here comes tank 
1,” announced Scott. ““And we’ll stand by for your call for tank 2.” 

“Roger,” said Mitchell. After a brief pause for flight controllers to monitor tank 
1’s pressure, Mitchell gave the go-ahead for the second tank. “Okay. Go with tank 2, 
looks good.” 

“Okay. Tank 2 coming now.” 

After another pause, Mitchell confirmed that all was well. “Looks good down 
here.” 

“Okay, thank you. Looks good up here,” replied Scott. 

“And, Dave, you’re Go for the direct rendezvous. Both guidance systems look 
good; PGNS is our recommendation.” Mitchell was letting Scott know that, of their 
two practised methods for rendezvous, the flight controllers recommended that they 
use the planned-for quick technique called direct rendezvous, and that, of their two 
guidance systems, they should rely on the primary. 

“Roger. Go for direct on the PGNS.” 

“Okay, loud and clear, Dave, and you’re Go for lift-off.’ Then Mitchell reminded 
the crew that it was time for another transition in their roles: “And I assume you’ve 
taken your explorer hats off, and put on your pilot hats.” 

“Yes sir, we sure have. We’re ready to do some flying,”’ replied Scott. 

“Standing by for one-minute,” prompted Jim Irwin whose primary task was to 
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look after the AGS and see that its knowledge of the ascent matched that of the 
PGNS. “Guidance steering is in,”’ was his next call as he commanded the AGS to 
take its guidance information and generate steering commands for the RCS to use 
in case of an emergency. With a normal ascent, the guidance mode control switch 
would route steering commands only from the PGNS, blocking those from the 
AGS. 

Preloaded with the data from the ascent PAD, the PGNS was nearly ready to 
ignite the engine. “Okay, Master Arm is On; I have two lights,” called Scott, as he 
armed the pyrotechnic system that would sever the two halves of the LM, and saw an 
indication that the circuits were good. 

“Average gis on...”” The DSKY display had blanked to show that the PGNS was 
now calculating the average acceleration the LM would experience as it flew. In 
other words, it was now guiding the LM. It just had not ignited the engine yet. On 
the right side of the cabin, Irwin started a 16-mm movie camera aimed out of the 
window to film the view of the ascent. 

Scott continued with his steps prior to ignition. 

“Abort stage.’’ Pressing the ‘abort stage’ button caused the ascent and descent 
stages to separate, using explosive bolts to sever the four attachment points holding 
them together. At the same time, explosive charges drove guillotine blades through 
the bundles of wiring and plumbing to sever those connections also. 

“Engine arm to ‘ascent’.”” Arming the ascent engine allowed the engine controller 
to open the valves on the engine. Then at T minus five seconds, the DSKY displayed 
Verb 99, which was its way of asking the crew if they wished it to proceed with engine 
ignition. 

“99, Pro,” intoned Scott, at which point he pressed the ‘Proceed’ button on the 
DSKY, essentially replying, ““Yes, please.” 

Television viewers on Earth were given a ringside seat at the launch of the last 
three LM ascent stages. Before he entered the LM for the last time, the commander 
parked his rover 100 metres east of the LM. From this vantage point, this miniature 
interplanetary outside broadcast station, remotely controlled from Earth via its own 
radio link, provided coverage of the lift-off itself, and the quiet, still and desolate 
scene that followed for as long as the rover’s batteries and equipment continued to 
operate. When Apollo 17’s ascent stage lifted off, Ed Fendell, who operated the TV 
camera, managed to follow the early stages of Challenger’s ascent to orbit, despite a 
3-second delay between his command to tilt and seeing the result on his monitor. It 
showed how the ascent stage went straight up for just 10 seconds — yawing a little as 
it did so to aim the vehicle towards the flight azimuth — then promptly pitched nose 
down by a little over 50 degrees in order to start adding horizontal speed. This was 
very different to a launch on Earth, where a streamlined rocket has to rise essentially 
vertically during the first few minutes to escape the bulk of the atmosphere before it 
can ramp up its horizontal speed to reach orbit. The lack of an atmosphere on the 
Moon allowed the LM to start to gain horizontal velocity almost as soon as it left the 
ground which permitted a more efficient flight profile. 

As the LM pitched over, the crew gained a view of the landscape they had 
previously been exploring. As Aldrin related during his debrief, they were also able 
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The lift-off of Challenger, Apollo 17’s LM, from coverage by the rover TV camera. 
(NASA) 


to watch the after-effects of their lift-off. “I could see radiating out, many, many 
particles of Kapton and pieces of thermal coating from the descent stage. It seemed 
almost to be going out with a slow-motion-type view. It didn’t seem to be dropping 
much in the near vicinity of the LM. I’m sure many of them were. They seemed to be 
going enormous distances from the initial pyro firing and the ascent engine 
impinging upon the top of the descent stage.” 

“T observed one sizeable piece of the spacecraft flying along below us for a very 
long period of time after lift-off,” noted Armstrong. “I saw it hit the ground below 
us somewhere between one and two minutes into the trajectory.” 

Aldrin was fascinated by the physics demonstration he was seeing: “It’s very 
difficult to conceive of such lightweight particles like that just taking off without any 
resistance at all,”’ he continued during his debrief. “It’s easy to think back and say 
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that they would do that. But it just seems so unnatural for such flimsy particles to 
keep moving at this constant velocity radially outward in every direction that I could 
see out the front window. I don’t recall seeing any impact with the ground, but there 
were sizeable pieces.” 

Just behind the two crewmen in the centre of the cabin was the cylindrical cover of 
the ascent engine. Many have remarked on how close two astronauts stood to an 
operating rocket engine. As he and Irwin flew over the meanders of Hadley Rille, 
Scott noted how the sound from the engine was audible through his helmet. “‘Both 
guidance systems are good, Dave,” called Mitchell as the flight controllers closely 
watched the numbers coming up on the PGNS and the AGS. 

“Okay, looks good up here,” returned Scott. Then he remarked to Irwin, “It 
almost sounds like the wind whistling, doesn’t it?” 

Scott was impressed by the sound, and the ascent in general. ‘“Truly amazing,” he 
described decades later. ‘““The LM launch and ascent were so quiet, especially when 
compared to Titans and Saturns! It was almost peaceful — some vehicle oscillation, 
periodic at a couple of degrees, and the periodic sound of a slight wind, pulsing at 
about two to three seconds in frequency. And, of course, the view of the Rille as we 
flew right along its course, face down. Just spectacular. Could not have been a better 
farewell. Most pleasant and certainly indelible.” 

The gentle wobble imparted on Falcon as it soared through the lunar sky was 
caused by the periodic thrusting of the RCS jets. For simplicity, and to reduce the 
weight, the ascent engine was fixed. It could not aim its thrust anywhere but straight 
down along the spacecraft’s x axis. As a result, the RCS had to do all the steering by 
turning the entire spacecraft and therefore aim the ascent engine in the right 
direction, which it did at each two-second cycle of the computer’s tasks. Only the 
downward-facing thrusters were used, there being no need to fire the upward-facing 
thrusters as they would be thrusting counter to the ascent engine. 

The ascent was a critical event. If the APS engine were to underperform, which it 
never did, there was a real possibility that the LM would not achieve a stable orbit 
and instead would crash after less than half a revolution. The crew watched the 
velocity and altitude readings from both of their computers and compared them to 
charts, looking for any deviations that might indicate a problem. One remedy for an 
underperforming ascent engine was to augment its thrust with the four RCS jets that 
were aimed in the same direction. Because the ascent stage was relatively light and 
the Moon’s gravity relatively weak, the ascent engine’s rated thrust was only 15.6 
kilonewtons, about the same as the first jet engines introduced during World War II. 
Four thrusters could provide more than one-tenth of that at 1.8 kilonewtons total —a 
thrust that could make a difference in the later stages of a problematic ascent. With 
such emergency contingencies in mind, the LM’s designers had arranged the RCS 
plumbing so that, if their own tanks ran dry, they could draw propellant from the 
ascent engine’s tanks. 

Once the PGNS had determined that the ascent engine had added enough 
velocity, it commanded a shutdown. Immediately, the crew quizzed the computer on 
the size of the orbit they had achieved. 

“PGNS says it’s in a 40.6 by 8.9,” reported Scott as soon as Falcon had entered 
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orbit. The numbers showing on the DSKY represented the altitudes of the apolune 
and perilune respectively, given in nautical miles. Their orbit appeared to be 75.2 by 
16.5 kilometres, which was only slightly lower than desired. 

“Roger, we copy,” replied Mitchell in mission control; then reassuringly said, 
“the guidance still looks good to us.” 

“Okay.” 

Within a minute, mission control had their orbit, as determined by radio tracking, 
to hand. ‘‘Falcon, Houston. We have you at a 42 by 9,” announced Mitchell. 
“You're looking good.” 

“Okay. 42 by 9,” confirmed Scott. 

Although their tracking data put the orbit a little higher than Falcon’s at 77.8 by 
16.7 kilometres, the trajectory experts were satisfied that the rendezvous should go 
ahead as planned. 


RENDEZVOUS TECHNIQUES 


Once NASA had accepted LOR as the Apollo mission mode, they had to work out 
how a rendezvous, whether in Earth or in lunar orbit, should be accomplished. The 
problem was far from straightforward, and the solution did not spring forth from 
the mind of some brilliant engineer. Rather, it evolved from 1964 right through to 
the first landing and continued to evolve throughout the programme. The 
problems were many. Some of the major factors with which they had to contend 
were: 


e how accurately would the engines perform? 

e how would a crewman know his speed and the speed of the target 
spacecraft? 

what should the lighting be during the delicate docking manoeuvre? 

what is the least amount of propellant required in the pursuing spacecraft? 
how high should the target spacecraft be orbiting? 

how long should a rendezvous take? 


NASA first considered a direct ascent technique, but quickly dropped it. For the 
Gemini programme, the step-by-step approach of the coelliptic rendezvous was 
developed. As Apollo crews and engineers worked to improve performance, they 
devised the confusingly named direct rendezvous or short rendezvous. 


Direct ascent 

The obvious way to rendezvous was to launch off the Moon on a trajectory that 
directly intercepted the CSM using a single burn of the ascent engine. This was 
discarded for many reasons. The timing of the launch would have had to have been 
extremely accurate for the LM to intercept a spacecraft passing by at 1.6 kilometres 
per second. Even with such split-second accuracy, engineers knew that the expected 
variations in the thrust from the ascent engine would cause the LM to miss the CSM 
by gross margins. Additionally, the short duration of the approach gave little time to 
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Diagram of the direct ascent technique. 


calculate and correct the trajectory. Furthermore, the closing speed would have been 
higher than the RCS thrusters could be expected to overcome and if the approach 
was missed, the LM would find itself in an orbit whose perilune was likely to be 
below the lunar surface — that is, it would climb, arc back and crash onto the Moon. 
Direct ascent rendezvous was dangerous in many ways, and on top of all that it 
would be very difficult for the CSM to rescue a stricken LM. 

In addressing these problems, engineers settled on a more elaborate technique that 
took a step-by-step approach to incrementally bring the LM towards the CSM ina 
manner that could be analysed and controlled. 


Coelliptic rendezvous: the orbital ballet 

For the early Apollo missions, NASA settled on the coelliptic rendezvous to carefully 
reunite the two spacecraft. To best grasp the various elements of this technique, it 
may help to work backwards from the rendezvous itself and see how its demands 
determined the orbital dance around the Moon that led up to it. 

NASA standardised how it would fly the final part of the rendezvous — what it 
termed the terminal phase — to control the approach speed of the LM. They wanted 
to limit the speed to a value that could be dealt with by the RCS thrusters of either 
spacecraft. It is worth remembering that by this point in its mission the LM was a 
very light spacecraft and its thrusters were very responsive. The CSM, on the other 
hand, was heavy and still had a substantial load of propellant on board. Its thusters 
were much less effective, should it be called upon to fulfil the rendezvous. Another 
issue was illumination. Theoretical studies and Gemini experience had demon- 
strated that the terminal phase should be flown over 130 degrees of the CSM’s 
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orbit, with appropriate approach speeds set throughout this period to maintain 
control of the situation. Therefore, planners could choose where in the CSM’s orbit 
they wanted the rendezvous to occur, and with lighting taken into account, work 
back 130 degrees to define the point where the terminal phase ought to begin. This 
point would be where the LM would execute the terminal phase initiation (TPI) 
burn. One huge advantage of this approach was that as the LM rose to meet the 
CSM, the latter would appear to be stationary against the background stars. In one 
sense, the two craft would be on intersecting orbits hurtling around the Moon at 
nearly 6,000 kilometres per hour. But in another, inertial sense that ignored the 
Moon below, they would be approaching along a straight line that could be drawn 
out to the stars. This arrangement would allow the crew to visually check their 
progress. Because of the need to be able to see the stars clearly, most of the 
terminal phase was arranged to occur in the Moon’s shadow, but the final 
approach would be made in sunlight for improved visibility. Additionally, 
opportunities were included during the approach for course corrections, based 
on data from their radar. 

Continuing to work backwards, planners arranged for the LM to spend about 40 
minutes in an orbit that was a constant 28 kilometres below the CSM’s orbit. An 
important point to note is that this constant difference in height had to be 
maintained even if the CSM’s orbit was elliptical. NASA used the term constant delta 
height (CDH) for this part of the rendezvous trajectory, and as the LM crew had to 
make a burn to shape their orbit to meet this condition, the manoeuvre was 
obviously known as the CDH burn. The purpose of this part of the flight was to give 
the crew time to track the CSM and calculate the burn that would be needed at the 
start of the terminal phase of the rendezvous. If the orbits of both spacecraft leading 
up to the CDH burn were nearly circular and the errors were small, then it was 
possible to dispense with this manoeuvre. 

The trajectory leading up to the CDH burn was essentially a circular orbit of 84 
kilometres altitude which was entered by the coelliptic sequence initiation (CSI) burn. 
This burn was made half an orbit back from where the CDH burn would occur. 

As we continue to work backwards, the only section that remains is the time from 
launch to the CSI burn. Around the time that the CSM passed over the landing site, 
the LM ascent stage lifted off from the discarded descent stage. The ascent engine 
burned for about seven minutes, ideally to achieve an orbit with a perilune of 17 
kilometres and an apolune of 84 kilometres. Half an orbit after insertion, the 
spacecraft had coasted to its apolune, at which point the CSI burn would circularise 
the orbit and the coelliptic rendezvous would begin. Except for the initial ascent, all 
the burns would be made with the RCS thrusters. 

To summarise this sequence chronologically: 


e After launch, the LM entered a 17 by 84-kilometre orbit. 

e It coasted for half an orbit until it reached apolune. The crew then made the 
CSI burn to circularise the orbit and then began to track the CSM. 

e After another half orbit, they made the CDH burn, if required, to reshape the 
orbit and have the LM fly 28 kilometres below the CSM’s orbit. 
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Diagram of the coelliptic sequence rendezvous technique. 


e During a 40-minute coast, further tracking determined the details of the burn 
that would begin the terminal phase. 

e The TPI burn placed the LM on an intercept trajectory that was, at least for a 
short period, essentially a transfer orbit. It raised the orbit’s apolune slightly 
higher than the CSM’s altitude so that it would intercept its target over 130 
degrees of orbital travel. 


As the LM rose to meet the CSM during the terminal phase, the rendezvous 
radar on the LM continually worked with the transponder on the CSM to 
determine their separation and their rate of closure. The crew monitored these 
values using the PGNS and the AGS, searching for any hint that they might be 
deviating from their preferred trajectory — which was a straight line in terms of 
inertial space, this being implied by the fact that they held the target fixed against 
the stars. There were two opportunities for mid-course corrections, then the 
commander made a series of braking burns using his thrusters to bring their closing 
speed to zero as the LM pulled up alongside the CSM, thereby never reaching the 
notional apolune of the orbit of which the start of the terminal phase was a short 
are. 

On Apollo 12, Pete Conrad, like all the other Apollo commanders, did most of 
the actual flying as he monitored Jntrepid’s return to orbit by watching the PGNS 
and making burns based on its results. Meantime, to his right, Al Bean was never 
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really given the chance to pilot anything, which was normal on an Apollo mission. 
Despite being the /unar module pilot, his role was more that of a flight engineer/co- 
pilot, although in extreme situations he could take over using the controls that 
were provided at his station. His chief task was to operate the AGS in case this 
backup guidance system had to be brought in to control the spacecraft. Like the 
PGNS, it generated numbers that reflected its determination of their trajectory, 
which he compared to the answers coming from the primary system. At any point 
in the rendezvous, usually after they completed an important step, the LMP could 
update the AGS’s knowledge of where they were, with that from the PGNS — 
assuming, that is, that everyone was happy with the performance of the PGNS. 
The AGS would then continue to determine its independent trajectory from that 
point onwards. 

As a test in Apollo 12, Bean was to try and operate the AGS entirely separately 
from the PGNS to see if it were possible. Unfortunately, a misskey on the run up to 
the CSI burn meant that he had to make one update from the PGNS after which he 
resumed the test. Bean found it to be quite exhausting: “‘After CSI, we realigned the 
AGS to the PGNS. Then I made all the AGS marks after that just as we’d planned 
to do, and got solutions that all compared very favourably. This shows that the 
AGS would do the job, would get solutions, which we, of course, suspected 
anyhow. But the whole point is that you don’t want to use the AGS as the normal 
rendezvous mode. It requires that every two or three minutes, you make a lot of 
entries in the AGS. It requires that you point the spacecraft exactly at the 
command module, which takes time and effort. The LMP is working continually 
and isn’t able to sit back and think through exactly what’s going on in the rest of 
the spacecraft.” 

Bean wished his role in operating the AGS could have been less manual. Of all 
the LM crewmen, this man, who was to become an accomplished artist, perhaps 
deserved more than others a little time to absorb the experience. During his debrief, 
he related how Conrad had been sensitive to his needs: “I continued to work to 
input the data into the AGS until the second mid-course [in the terminal phase] 
when Pete said, ‘Hey, why don’t you quit working and sit back and enjoy the 
flight?’ I got to thinking about it later and that was the first time I’d really looked 
out to see what was going on. The rest of the time I’d just been working my fanny 
off trying to get all those marks into the AGS, and that’s not the way you want to 
fly a spacecraft.” 

Years later, he told how Conrad had offered him the controls over the far side of 
the Moon. Out of earshot of mission control, Bean experienced how the light 
spacecraft, with its main tanks nearly empty, responded keenly to every impulse 
from the thrusters. At last, a lunar module pilot had been allowed to pilot a lunar 
module. 

The step-by-step coelliptic rendezvous took nearly two orbits to fulfil but it gave 
crews plenty of time to take optical and radar measurements of the angle and 
distance to their quarry, to evaluate their progress and to calculate burns that 
minimised the risk of errors placing them into a dangerous orbit. It also permitted 
greater flexibility if the CSM had to perform a rescue. For this possibility, and as a 
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backup, the CMP in the passive CSM was kept busy making his own determinations 
of their orbit in permanent readiness for a LM abort. 

The coelliptic rendezvous used for Apollos 10, 11 and 12 took nearly four hours 
to execute, which was a significant amount of time in a spacecraft whose total 
working life was itself measured in mere hours. When the advanced missions added a 
six-hour moonwalk to the last surface day, such a rendezvous would keep the crew 
awake for nearly 24 hours. In the hiatus imposed by the Apollo 13 incident, Scott 
and Irwin experimented in the simulators to see whether they could shorten the 
rendezvous, and the arrangement that they devised, which removed an entire orbit 
lasting two hours, was successfully demonstrated by the Apollo 14 mission. 


Direct rendezvous 
Not to be confused with the previously mentioned ‘direct ascent’ method, direct 
rendezvous (also known as short rendezvous) had the LM enter the terminal phase at 
the point where the CSI burn would normally occur. It relied on the confidence that 
had been gained in the spacecraft, radars and guidance systems over repeated flights. 
It also took advantage of the fact that although lift-off had to occur at exactly the 
right time, a missed launch would only require them to wait for the CSM to come 
around again on its next orbit. 

Direct rendezvous began with a launch and insertion into orbit that was identical 
to the coelliptic method. As they rose on the ascent engine’s flame, both the crew and 
mission control analysed the numbers coming from the spacecraft’s two computers, 
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checking that its performance was within the range expected. On insertion into lunar 
orbit, mission control could advise them of which computer, in their opinion, had 
measured the ascent more accurately. The crew then knew which numbers to watch 
as they fired the RCS thrusters to compensate for deviations in the ascent engine’s 
performance. If their ascent had not been sufficienty accurate to support this direct 
technique, the crew had the option to undertake the rendezvous using the longer but 
more forgiving coelliptic method. 

Once established on their initial elliptic orbit, they had about 40 minutes until the 
TPI burn would start the approach to their crewmate. Like musicians in an 
orchestra, each playing their own instrument, all the players in the Apollo ensemble 
struck up a flurry of tracking activity: the LM crew on their radar, their guidance 
computer and their backup computer with its own instruments; the CMP on his 
VHF transponder, his sextant and another computer; and mission control with 
tracking stations around Earth chorusing on large computers in Houston. They all 
carefully, and repeatedly, measured the flights of two spacecraft hurtling around the 
Moon. Like a band rising to a perfectly harmonised chord, they each derived 
solutions for the upcoming TPI burn and compared them. If the commander could 
see that all the solutions, including his, were converging towards a common answer, 
then, with confidence that his own systems were working well, he would choose the 
solution generated by the PGNS. The TPI burn for a direct rendezvous was relatively 
large because it had to turn their 17-kilometre perilune into a 113-kilometre apolune, 
so it was made using the ascent engine. Any residual velocity that had to be made up 
could be achieved with the RCS afterwards. 

On Apollo 15, Ed Mitchell let Falcon’s crew know that they should go ahead and 
burn their TPI manoeuvre. “Falcon; Houston. You’re Go for an APS TPI. You have 
180 feet [per second] available.” 

“Roger. Understand. Go for the APS TPI, thank you.” 

This was a measure of how tight the propellant margins were with the APS. Prior 
to lift-off, Falcon’s tanks had sufficient propellant to change their speed by 2,130 
metres per second overall. Mitchell was telling them that, as far as mission control 
could tell, only 2.5 per cent of that capability remained, which was enough for a 6.5- 
second burn. In the event, their TPI burn required only 2.6 seconds, and by using the 
ascent engine they saved wear and tear on the RCS thrusters that might be needed in 
case of problems prior to docking with the CSM. 

As was typical for Apollo, it was not considered enough to have the PGNS, the 
AGS, a guy in the CSM and folk back on Earth all working to find a solution to 
the size and direction of the TPI burn. NASA’s mentality for such a critical 
operation as rendezvous was to give the crew options wherever possible, so for a 
fifth attempt at the answer, the LM crew carried a set of charts with which, if 
everything else failed, they could derive a solution for TPI and reach the CSM 
safely. Scott explained how they worked: “In simple terms you needed range, 
range-rate, angle and time. The equations allowed you to draw a curve on a chart 
which was a nominal curve. At certain points, you would have a known range, 
range-rate and angle to the target. What you did on the charts was, at the specified 
time, to look at the range, range-rate and angle to the target and match that with 
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the nominal. If it didn’t match, you would change the range, range-rate or angle by 
cranking in a correction off another chart. You can lose communications with the 
ground; you can lose the PGNS and the AGS and still do the rendezvous because 
all you need is a watch and the COAS and the radar. A grease pencil on the window 
was fine too. The COAS goes out, you mark the window with a grease pencil. 
Works! That’s the beauty of the equations. They were elegant and just beautiful 
because you could rendezvous with just nothing. But you had to practice a lot and 
you had to get the feel of it because you knew just about where you were and it 
would compute TPI and you do the burn and you are on your way. Unless you 
purposely screwed it up, you’d get there. I mean you had to make an effort to screw 
it up. It’s beautiful. That’s why we had all the confidence in this stuff. The 
confidence is based on the fact that it was set up right by these guys that wrote 
these very elegant equations that went into the computer — but they gave you a 
manual backup that you could do on a piece of paper.”’ So contrary to early fears, 
lunar rendezvous proved to be a straightforward procedure once the problem had 
been studied in depth and thoroughly practised. 

The TPI burn usually occurred over the Moon’s far side, out of communication 
with Earth. As much of the subsequent approach was also out of sight of Earth, the 
crew relied on regular measurements by both spacecraft of their separation distance, 
their rate of closure and their angle with respect to each other. Solutions for possible 
mid-course corrections were compared and burned with the RCS jets. Their 
approach was cross-checked on charts, and the target viewed against the background 
of stars to check for any apparent movement. 


BRAKING AND STATION-KEEPING 


The final major manoeuvre of the rendezvous was braking. Since the TPI burn, the 
LM had been coasting on an intercept trajectory that was essentially part of an orbit. 
The apolune of that orbit was a kilometre or more higher than the altitude of the 
CSM and, without braking, the LM would have sailed by in front of its target. When 
at a distance of about three kilometres, the commander began a series of manoeuvres 
to reduce the closing speed of the two spacecraft. Each was pre-planned to occur at 
ever narrowing ranges to the CSM, and although the checklists gave suggested 
approach speeds, the commander used his piloting instincts to achieve the actual 
braking thrust at each. As explained by John Young, when he talked about his 
approach on Apollo 16, the approach speed was determined by other factors. If the 
LM thrusters stopped working, could the CSM finish the job? Young was aware of 
the difference between the light LM with its effective thrusters and the heavy CSM, 
which was still loaded with propellant for the burn home. 

“As opposed to the usual Kamikaze brake that I usually make, we kept it very 
conservative. We decided that we would always keep the braking within something 
that the [CSM] could do. This means that, contrary to the braking gates that we use 
in the LM, you sort of have to lead them. In other words, at the range that you want 
to be at, you almost have to be at the braking velocity to give the [other spacecraft] a 
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fighting chance in case it has to do it. I never had any doubt that we would do it all 
ourselves because that machine was working so beautifully. We just closed in and it 
was so good I wanted to do it again. It was really slick.” 

Buzz Aldrin was struck by the responsiveness of the lightweight LM. ‘“‘Each time 
you hit the thrust controller,” he explained, “the vehicle behaved as if somebody hit 
it with a sledge hammer, and you just moved. There is no doubt about the fact that 
the thrusters were firing. It was sporty; there’s no doubt about it.” 

“Tt’s a very light, dancing vehicle,” agreed Armstrong. 

On completion of a successful rendezvous, it was normal for the two vehicles to 
spend some time station-keeping — that is, floating next to each other — to give each a 
chance to inspect the other. For example, on Apollo 15, Scott and Irwin were asked 
to look at the SIM bay in the side of Endeavour’s service module. While Worden had 
been operating the cameras and instruments mounted in the bay, mission control 
had noticed that the output from a sensor was not as expected. It was designed to 
measure how fast the landscape below passed by, to enable a mechanism in the 
panoramic camera to compensate for image motion. Scott was being asked if he 
could see any obstruction in front of the sensor, which he could not. The problem lay 
in its optical design. 

On Apollo 16, as Orion lifted off the Moon in front of the rover’s television 
camera, flight controllers noticed that the launch appeared to disrupt the skin at the 


Orion, Apollo 16’s LM, with disrupted thermal blankets over its rear. (NASA) 
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rear of the ascent stage, the part that faced the camera. This unpressurised section 
housed much of its electronics, including the electric control assemblies (ECAs), 
which were part of the spacecraft’s electrical supply system. Ken Mattingly in the 
CSM Casper was asked to describe what he saw as Young made Orion perform a 
pirouette in front of his camera. 

“Okay, on back side, it looks like some of the thermal blanket around the ECAs 
on the back end there is pretty badly chewed up,” radioed Mattingly. ““A couple of 
panels are torn off. And some of the stripping in between, it looks like it was struck 
by something, but it looks like all the Mylar blankets underneath are still intact.” 

Mission control were keen to know the depth of the damage. Jim Irwin, Capcom 
for the rendezvous, enquired further. “‘Ken, can you observe whether it’s possible for 
sunlight to directly impinge on portions of the spacecraft equipment?” 

“No, sir,” replied Mattingly. “It’s not possible from the back; I can’t tell about 
the bottom; but, on the back side, the Mylar blankets are still intact — it’s only that 
outer covering that’s broken.” Orion’s damage did not prove to be a problem for the 
rest of its short life. 


Docking 

The LM approached the CSM with its windows facing its quarry. When originally 
envisaged, the LM was to have had two docking ports, the second being at the 
forward hatch. But in the drive to cut weight from the spacecraft, the heavy docking 
collar was replaced by a simple square hatch through which a suited crewman and 
his back pack could crawl on his way to the lunar surface. With the docking port at 
the top of the ascent stage, a small window was installed above the commander’s 
head to enable him to view through the roof of the LM. Having lined up in front of 
the CSM, he had to pitch down until the docking apparatus of both spacecraft faced 
each other, essentially lining up their x axes. The LM was then rotated 60 degrees to 
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Docking alignment of the CSM and the LM ascent stage. (NASA) 
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line up the docking aids between the two spacecraft. From here, the CMP took over 
to bring the spacecraft together and dock. The commander could carry out the 
docking, but to do so would have meant craning his head backwards uncomfortably 
— he was still fully suited. It was much easier for the commander to hold the LM 
steady while the CMP, who was comfortably viewing through a rendezvous window, 
brought the CSM up to the small spacecraft. 

When Armstrong was manoeuvring Eagle for docking, he decided to change the 
procedure, but soon wished he hadn’t. He realised that if he were to pitch down at 
that point, the Sun would shine straight into his eyes. Therefore, he chose to line up 
60 degrees further around before he pitched down, thereby avoiding the Sun. Having 
done so, Collins asked him to rotate a little further to get the docking aids properly 
aligned. 

“We complied and promptly manoeuvred the vehicle directly in the gimbal 
lock,” related Armstrong in the debrief. Having gone into gimbal lock, the PGNS 
was no longer able to hold the vehicle stable. “I wasn’t aware of it because I was 
looking out the top window. No doubt, we were firmly ensconced in gimbal lock. 
We had all the lights on.’ But they had a backup system. “‘We just put it in AGS 
and completed the docking in AGS. This was just a goof on our part. We never 
should have arrived at the conclusion from any series of manoeuvres. However, 
that’s how it happened. It wasn’t significant in this case, but it certainly is never a 
desirable thing to do.” 

Unfortunately, holding the LM stable using the AGS had a side effect that 
caught Collins unaware once he had soft docked and began to retract the docking 
probe for a hard dock. As the probe began to pull the light ascent stage towards the 
much heavier CSM, the AGS detected a change in attitude and furiously tried to 
compensate for it by firing the LM’s thrusters. Collins didn’t realise this and began 
his own attempt to correct the motions of the spacecraft relative to one another, 
but as the two spacecraft were flexibly joined at the capture latches, their motions 
were somewhat complex. ‘““That was a funny one,” he remarked immediately 
afterwards. “I thought things were pretty steady. I went to ‘retract’ there, and 
that’s when all hell broke loose. [The LM was] jerking around quite a bit during the 
retract cycle.’ In eight seconds — the time it took the probe to retract — the problem 
disappeared as the two spacecraft became one. But this incident worried engineers 
who looked into the dynamical issues of having two vehicles joined by a flexible 
probe. 

Dick Gordon and Pete Conrad had no such worries bringing CSM Yankee 
Clipper and LM Intrepid together on Apollo 12. “It was a simple, easy task to 
perform,” said Gordon post-flight. “It could have been done in darkness as well as 
daylight with just as much ease. I don’t think that the vehicles moved hardly at all at 
contact. There was certainly no noticeable motion, anyway.” 

Conrad concurred: ‘‘We came right in and stopped. I pitched over and did the 
yaw manoeuvre after Dick did his roll. We did the docking just the way we stated 
before. Dick came in and docked; I maintained attitude hold — tight dead band. As 
soon as he got his top latches barber poled, we went to Free. Neither spacecraft so 
much as moved a muscle, and we got a complete, good lock. He straightened out 
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attitude with his translations thrusters and went to hard dock, and it pulled us right 
in there without either spacecraft deviating; bango! We had 12 latches.” 

When Eugene Cernan brought Apollo 17’s ascent stage, Challenger, to 
rendezvous with the CSM America he thought the spacecraft was a fine sight to 
see. 

“Okay. I’ve got you right out the overhead, Ron,” called Cernan to his CMP Ron 
Evans. He had pitched over to face the LM’s drogue at the CSM’s docking probe 
and the mirror-like surface of the command module looked resplendent in the 
sunshine. “Now I’m going to yaw.” 

“Okay, yaw her around,” replied Evans as Cernan began to line up the two craft 
to get the docking aids aligned. 

“Okay, here we go.”’ Cernan was enjoying the responsive spacecraft he had under 
his fingertips. “What a super flying machine!” 

“Still looks kind of tinny to me,”’ mocked Evans. 

“Command module looks just as good as the day they put it on the pad,” said 
Cernan. 

“And, you know, so does Challenger, by gosh,” said Evans. ““You’re missing some 
of the pieces.”’ The last time he had seen Challenger, it had a descent stage attached, 
one that still sits quietly on the Moon. 

“Yes, one big piece we left behind.” 

When Evans tried to dock with Challenger, he found the lightness of the LM took 
a bit of getting used to. His approach speed was only two or three millimetres per 
second. ‘““Coming in nice and slow; no problems,” he informed his commander. 

“Okay, you’re looking good, babe,” said Cernan encouragingly. “I got you on my 
COAS right up in the middle of the window. Looking good. Must be a couple of feet 
away.” 

“Stand by,” warned Evans as he neared the point where 16.3 tonnes of CSM 
would impact 2.3 tonnes of LM ascent stage whose tanks were nearly empty. But the 
capture latches failed to engage with the inside lip of the drogue. Evans had brought 
the CSM in too slowly. 

“Okay; I didn’t get it. Let me plus-x it.” 

“Okay. You didn’t get it,’ confirmed Cernan. 

“Might have been a little bit slow. Stand by.’’ Evans went to have another go but 
this time driving the probe home by firing his thrusters to give the CSM a positive 
push in the plus-x direction. 

“You got it! Capture!’’ Cernan had heard the three latches at the tip of the probe 
engage. 

“Barber pole,” called Evans, as he saw the ‘talkback’ indicators on his instrument 
panel change to show that they had latched. “Capture, go Free.” 

Evans’s call for Cernan to ‘go Free’ meant that he wanted the LM to stop trying 
to hold its attitude. The lightweight spacecraft was at the end of the probe and any 
motion it had would be damped out by the probe’s articulated tip. 

“Crazy thing,’ muttered Evans as he waited for the CSM and LM to line up on 
the end of the probe. 

Cernan wondered what the problem was: ‘Say again?” 
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“T get the right...” Evans laughed at the jittery LM. “And then it goes around the 
other way. I think you’re bouncing around up there, too, you know.” 

“T know it. I’m just swinging free,” replied Cernan. 

“You're bouncing around more on the probe,” said Evans. “See, I’m not moving 
at all.” 

To try to stabilise the situation, Evans suggested that Cernan allow the LM to 
hold its attitude again. Thruster jets began to pull the small spacecraft onto the 
attitude it had been programmed to keep. As it did so, it also applied a small torque 
to the CSM via the probe. 

“Okay. I’m stable now,” called Cernan once the LM’s motions had damped out. 

“Okay. Now let me come up to you.” 

“Okay, when you’re happy, Ill go Free. Looking good now.” 

“Looking good, yes,”’ confirmed Evans. ‘See that’s what we needed. Okay. Why 
don’t you go to Free, and we’ll go to retract?” 

“Okay,” said Cernan. “I’m Free.’ Cernan once more stopped the LM from 
controlling its attitude. 

“Okay, retract. Here you come.” The struts of the probe mechanism began to 
fold, in the process drawing the two halves of the docking tunnel together. ““Bang! I 
got two barber poles.” 

“You got what?’ quizzed Cernan. 

“Okay,” laughed Evans. He had got the sense of the talkback indicators the 
wrong way round. ‘““Two greys, I mean.” 

Cernan shared the humour. “That’s better. Sounded good in here.” 

“Yes, sounded good in here,”’ confirmed Evans. 

“Okay, Houston,”’ announced Cernan. ““We’re hard docked.” 

After the flight, Evans discussed how this docking differed from earlier in the 
mission when the LM was still attached to the S-IVB. “One of the noticeable 
differences between this docking and the docking with the S-IVB is the fact that the 
ascent stage did dance a lot more than the S-IVB did. The S-IVB is steady as a rock. 
The LM dead band would change attitude, and you’d try to follow it.” 

In view of the difficulties that Apollo 14 had experienced when Stu Roosa tried to 
dock with the LM Antares while it was still on the S-IVB, his post-rendezvous 
docking was approached with some apprehension by mission control. Before the 
lunar landing, Bruce McCandless at the Capcom console gave the crew a change to 
the procedures. “With respect to docking, again we anticipate normal operation. 
However, we’d like to add to the normal procedures a LM plus-x thrust of 10 
seconds, four-jet RCS, to facilitate or to give us just a little more of a warm feeling 
on the docking.” 

By having the LM thrust towards the CSM at the same time as Roosa was 
docking was evidently something neither Shepard nor Roosa was happy with. “We 
mutually agreed that it would be better to give it one go at least using the normal 
technique with no thrusting,” explained Shepard after the flight. 

“We really didn’t see any advantage to that LM thrusting,” added Roosa. “I 
didn’t like that idea of the LM coming on with thrust. We didn’t see where we had 
anything to lose by trying the normal docking method. If it didn’t capture, then we’d 
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try it.’ In the event, Roosa’s docking went smoothly, without any hint of the 
troubles that had beset their earlier docking. 


A LONG DAY 


For their pioneering journey to the surface of the Moon, Armstrong and Aldrin 
made only a single foray onto the surface before attempting to get some sleep in the 
uncomfortable confines of the LM. The rendezvous and docking next day were 
therefore carried out by a crew that were hopefully rested to some extent. As each 
successive flight became more ambitious and the LM was trusted with a crew for 
longer periods, the rendezvous and docking day grew increasingly packed. At first, 
moonwalks of four-hour, and eventually nearly 6-hour duration were shoe-horned 
into that day. Then by the time two hours had been added for getting into a suit in 
the morning, plus time to prepare for lift-off, meals and the rendezvous itself, the day 
became especially long and intense. And it was not as if docking marked the end of 
the working day. 

For mission control, the excessive length of the crew’s day became an issue when 
Scott and Irwin returned from their highly successful stay at Hadley Base near the 
eastern rim of the mighty Imbrium Basin. This was one of the very few times when 
the crew in an Apollo spacecraft and the people in mission control managed to get 
out of sync with one another, probably because managers in the mission operations 
control room (MOCR) had a perception of the crew’s tiredness and, in the wake of 
the Soyuz 11 tragedy only a month earlier, they were overly worried about it. 


Pressure integrity 

With the docking successfully completed, Worden pressurised the tunnel between 
Endeavour and Falcon, then removed the forward hatch and docking equipment to 
inspect the 12 docking latches. Meanwhile, Irwin copied down a P30 PAD from 
mission control for a burn that would eventually take the jettisoned LM out of lunar 
orbit to crash on the Moon. 

Once the LM’s overhead hatch had been opened, Worden sent the vacuum 
cleaner through the tunnel to help the LM crew to deal with the dust on their 
spacesuits. Scott and Irwin then began to transfer all required items to the CSM, 
with a list in the flight plan indicating where each item should be stored. The list 
included film magazines, rock and soil samples, food, used urine and faecal bags and 
one of the oxygen purge system (OPS) packages from the surface. The OPS, which 
had been mounted on top of one of the PLSSs during the moonwalks, would be 
needed by Worden during the coast home to Earth, for his spacewalk to retrieve film 
magazines from the cameras in the SIM bay. It contained high-pressure oxygen 
bottles that would provide emergency air to a suited crewman in case of a problem 
with their primary umbilical air supply. 

Items not required by Endeavour for the remainder of its mission, such as used 
lithium hydroxide canisters, a second OPS and the now-useless docking probe and 
drogue, were left in the LM to be jettisoned with it. In the light of the Soyuz 11 


A long day 419 


incident, this jettison was to occur with the crew fully suited up. As Irwin was the 
last to leave Falcon’s cabin, he closed its overhead hatch behind him. Once 
everyone was inside the command module, the forward hatch was installed and the 
cabin checked for leaks. At this point, Scott had to deal with a slight pressure leak 
in his suit. ““Okay, we are going to be a few minutes here. We’ve got to put some 
LCG plugs in our suits and it’s going to take probably about 10 or 15 minutes to 
get all that done.” 

This communication was the start of a confused episode which involved checks of 
the suit and hatch for pressure integrity. Scott’s boss, Deke Slayton, came on to the 
communications loop, betraying management’s concern at the crew’s deviation from 
the flight plan. Scott’s use of the plugs in his liquid cooled garment (LCG) was a 
minor remedy for a leak that was probably brought on by the wear and tear from the 
tenacious and abrasive lunar dust. 

“Hey, one quick question. How come you guys need plugs for those suits?”’ asked 
Slayton. 

“Well, because, apparently, the LCG connection on the inside won’t hold an air 
seal,” replied Scott. “So we’re getting them taken care of with these extra little blue 
plugs we got that are airtight on the inside.” 

“Roger. We thought those plugs only were required when the LCG was not on. 
We’re trying to crack that one for you down here, Dave. There’s something screwy 
here.” 

“Okay. Well, we’ll put these plugs in and run another pressure integrity check and 
see how it works.” 

“Roger.” 

Scott’s subsequent successful suit integrity check put the crew slightly behind their 
timeline, but Slayton’s intervention displayed the start of jitteriness in mission 
control about the crew and their tiredness when a slightly abnormal situation arose. 
Then, with only a few minutes to go before LM jettison, another pressure integrity 
problem became evident when Worden reported the pressure difference between the 
cabin and the tunnel. ““LM/CM delta-P is 2.5... 2.0, excuse me.” 

“Copy, 2.0,” confirmed Bob Parker at the Capcom console. 

The crew had used the tunnel vent valve to bleed air out into space from between 
the two spacecraft. Had it been completely evacuated, this pressure reading, given in 
pounds per square inch (psi), would show between five and six psi because it 
indicated the pressure difference across the forward hatch. With a good vacuum in 
the tunnel, the reading would be essentially the absolute cabin pressure. Their 
procedures called for the reading to be at least three psi prior to jettison. The fact 
that it was only two psi, having earlier read three psi, strongly suggested that air was 
entering the tunnel through the hatch of one or other spacecraft. Compounding the 
jitters in the MOCR was the knowledge that, on the way to the Moon, there had 
been confusion between Scott and the MOCR about the settings of this valve, which 
could either vent the tunnel or allow the crew to monitor the pressure but not do 
both. 

“Okay, the LM/CM delta-P doesn’t look exactly right to us. What do you think?” 
asked Scott. 
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“We'd like to get another pound [per square inch of pressure] out of there,” 
replied Parker. ““We’re showing about 3.5 in there.’’ But mission control were not 
reading this directly, They had deduced this figure by subtracting the reading they 
had been given from the measured cabin pressure (5.5-2.0 = 3.5). 

“Okay,” said Scott, as he and his crew looked for answers. ‘““‘We had a suspicion 
that possibly the LM overhead dump valve was open, and it might be.” That is, it 
was possible Irwin had inadvertently left it open a little when he left the LM. Scott 
tried venting the tunnel further. “It’s up to about 2.3 now,” he reported. 

The flight controllers in the MOCR discussed the readings with Scott a bit longer, 
before reaching a conclusion that was an extreme rarity in the history of flight 
control — a mistaken conclusion. Parker radioed up, “Dave, we think that the 
increase in the cabin pressure during the suit integrity check could have raised it from 
your side.” However, adding more air to the cabin by inflating the suits for Scott’s 
pressure test would have had the opposite effect, increasing the pressure difference 
across the hatch. 

Then Parker let slip about how the ground and the spacecraft had got out of sync 
with each other. “Stand by, Dave; confusion reigns down here.” In the light of this, 
mission control decided to hold off on the jettison, back out of the situation they 
were in, and have the crew disarm the pyrotechnic devices that were about to cut 
loose the LM. If the crew were to remove the hatch to inspect its seal, an accidental 
detonation of the armed LM jettison explosives would be catastrophic. 

Scott and his crew brought the tunnel back up to the same pressure as the cabin, 
then removed the hatch but found nothing untoward. In any case, it was perfectly 
possible that contamination to the seal, perhaps from lunar dust, could have been 
blown off as the hatch was removed. Now that they had an extra two hours before 
the next jettison attempt, because it had to occur at a specific point in the orbit, 
mission control decided to use the time to test the hatch seal thoroughly. The crew 
reduced the pressure in the tunnel low enough to give a reading of 3.5 psi and Parker 
asked them to hold it there throughout their next far-side pass to see whether it had 
changed when they reappeared 45 minutes later. Scott and his crew were thinking 
about food and wanted to take their helmets and gloves off to eat: “I guess in that 
case, we'll probably break the suits down and then run another suit check before we 
see you around the corner.” 

“Okay, we'll buy that,” replied Parker. 

“It’s about time for dinner,” said Scott. 

“T knew there was a reason.” 

By this time, it was 18 hours since Scott and Irwin had suited up for their gruelling 
final day on the lunar surface. They had not eaten for eight hours, and had been fully 
suited for much of the time since before launch from the Moon 6% hours earlier. 
The problems with their suit and hatch integrity were compounding their tiredness 
and they were going to be a further two hours behind. They were keen to get settled 
down to a much-needed meal break. 

“Okay, we’re about 3.2 [psi] now on the delta-P,”’ reported Scott. ““We’ll leave LM 
[meaning tunnel] in Vent.” 

“Roger,” replied Parker. “I understand; 3.2 and still venting.” 
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The confusion was being compounded. Mission control had asked for the tunnel 
pressure to be held around the far side, but Scott had understood that he was to 
leave it venting. Then the managers worried whether the crew should remove their 
helmets and gloves in order to eat. Breaking open their suits would necessitate 
another check of their pressure integrity before LM jettison. Despite having earlier 
concurred with the request from the crew to do precisely this, the suit integrity check 
would pump air into the cabin and affect the reading on their pressure gauge, so 
Parker notified them of a compromise: ““You are permitted to break the suits down, 
but do not do the suit integrity check until you come back around the other side; we 
can take another look at that tunnel.” 

Once the crew reappeared from behind the Moon, Parker quizzed them. ““How 
did the hatch integrity check go?” 

“Well, we’ve just had it in Tunnel Vent all the way around the back side as I think 
you suggested,”’ replied Scott. 

“Did you have a look at holding it in delta-P to see how it was holding on that?” 
queried Parker. 

“No, we just left it in Tunnel Vent all the way around the back side,”’ reported 
Scott. “That’s what we’d thought you’d said to do. We can check it now.” 

By now, Glynn Lunney, the flight director on this shift, was becoming frustrated 
at the difficulty his team were having in getting this crew put to bed. Parker called 
up, “15, why don’t you bring it up to 3.5, and let us watch it for a while. I think we 
garbled something there.’’ Everyone was keen that they jettison the LM only when 
the seal on the forward hatch was good. 


Jettison and separation 

The integrity check was successful and the crew proceeded with the jettison. It was 
timed to occur when the stack, which was holding its attitude constant with respect 
to the stars, had the LM on the side of the CSM that was facing the Moon. This 
occurred only once per orbit. A crewmember pressed a guarded push-button to send 
a signal to the pyrotechnic circuits. This detonated an explosive cord around the 
circumference of the tunnel to cut it cleanly. 

“And, it’s away clean, Houston,” said Worden as the remaining air within the 
tunnel gave the LM a mild push away from the CSM, along with the tunnel and the 
discarded items in the cabin. 

“Roger, copy,” empathised Parker. ‘““Hope you let her go gently. She was a nice 
one.” 

“Oh, she was at that,” agreed Worden. 

But the trials of Apollo 15’s rendezvous day were not over. The procedures called 
on the crew to make an RCS burn to open the distance between them and the LM, 
details of which had been entered into the computer earlier. Scott was then to use 
P41 to execute this burn. 

“Houston, 15,” called Scott. “Question on the separation manoeuvre. Do you 
want us to burn residuals in P41, or just make 1-foot-per-second burn?” 

“Roger, Dave,” replied Parker. ““Burn them in P41, please.” 

Scott looked at the DSKY and was not happy with what it was telling them. The 
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magnitude of the burn in the three orthogonal axes was displayed in front of him, 
and one component was telling him that the burn would take them forward, towards 
the very object they were trying to avoid. Additionally, the delayed jettison meant 
that it was difficult to keep a check on the LM because the discarded spacecraft was 
nearly in line of sight to the Sun. 

“Houston, P41 says seven-tenths forward,” pointed out Scott. “Yes, seven-tenths 
forward, seven-tenths up.” 

“Roger, Dave,” confirmed Parker. 

“And forward takes us right back to the LM,” reminded Scott. 

“Stand by, Dave,” said Parker, the MOCR’s only point of contact with the crew. 
“We're looking into that, of course.” 

“Okay. We got about a minute and 15 seconds or so.” 

“Roger.” 

Having pointed out the inconsistency, Scott continued with preparations for the 
burn, trusting that the flight controllers would know what was best. After a pause, he 
announced, ‘‘Average g is on.” The computer had begun to measure acceleration 
and was about to begin the burn. 

“Ah, hold the burn, Dave.” 

“Okay, we'll hold the burn,” said Scott. 

The confusion between the MOCR and the spacecraft continued as each party 
began to use differing terminology to describe the position of the LM with respect to 
the CSM. Terms such as ‘in front of, ‘dead ahead’ and ‘trailing’ can have multiple 
meanings in the three-dimensional regime of space. Therefore when mission control 
suggested that Scott should simply point towards the LM and fire the thrusters to 
move away from it, Parker compounded the confusion by saying, ‘““We need you 
behind him and then a firing of retrograde.’ Unfortunately, the word ‘retrograde’ 
has a precise meaning in orbital mechanics: opposite the velocity vector. Since they 
were leading the LM around the Moon at this point, the instruction’s strict meaning 
required that they manoeuvre the CSM to be trailing it, then slow down their orbital 
motion slightly in order to increase the separation, which was not what was intended. 
It was an example of vehicle-based and orbital-based references being mixed. The 
MOCR eventually tightened up its language. 

“Okay, Dave,” called Parker. “How about 2-foot-per-second posigrade, as long 
as you’re in front of him. Understand?’ 

“Okay; so that'll be a minus-x delta-v for two feet per second at our present 
attitude, right?” checked Scott. 

“Roger. That affirm, Dave.” 

“Okay. We’re all in the same frequency. We’ll do that.” 


THE ROLE OF MISSION CONTROL 


At first glance, this episode after Apollo 15’s docking might appear to be a comedy 
of errors by both the crew and MOCR, yet it indicates how, in an environment that 
is extremely unforgiving, a safe and successful outcome was achieved. Scott 


The role of mission control 423 


recognised that the separation burn was unsafe (probably because of the extra 
revolution around the Moon), brought it to the MOCR’s attention and proceeded to 
carry on, trusting the people on the ground to assess the situation correctly. 

This illustrates the close relationship between a crew and mission control. The 
people in Houston had a very high visibility into the spacecraft, its systems and its 
trajectory by virtue of telemetry, available computing power and the knowledge and 
experience of the entire team in the control centre. The crew had a high situational 
awareness by virtue of having their eyes and ears in situ so to speak. The two sides 
then worked together to fulfil the mission’s objectives. This was an extension of the 
aviation model where the pilot in command of an aircraft works with air traffic 
control to ensure safe travel in what is a very unforgiving medium. In a sense, both 
are in collaborative control, linked in their common purpose by the air/ground 
communications loop. Rarely do the two get out of phase and when they do, it is 
usually down to the quality of communication on this loop. 

Gerry Griffin, one of Apollo 15’s flight 
directors, and later director of the Johnson 
Space Center, made this very point. “In 
aviation, pilots don’t control what goes on 
in the airspace, they control their aircraft 
by a set of rules and by following instruc- 
tions from the various control facilities 
who also operate under certain rules. For 
sure, the aircraft commander can take any 
action he or she deems necessary to safely 
operate the aircraft, including disobeying 
an instruction from an air traffic control 
centre, approach control, or a control 
tower. As soon as the aircraft commander 
takes that overriding step, he or she will 
have a lot of explaining to do when they 
get on the ground, and if they can’t 
Gerry Griffin, Apollo flight director and, convince the powers-that-be that they took 
later, Director of the Johnson Space the proper course of action given the 
Center. (NASA) conditions, they won’t be flying anymore, 

or at least, they won’t be flying for a long 
while. It is no different in the American manned space flight environment. Like the 
aviation analogy, the commander in Mercury-Gemini-Apollo controlled the 
spacecraft and could take any step he felt necessary to operate the spacecraft safely 
and to finish the task at hand in accordance with the flight plan and mission rules. 
Those of us in the mission control centre [MCC] understood that fully and agreed 
with it. But when any out-of-the-ordinary situation reached a ‘safe harbour’ or 
stopping point, the commander or crew was expected to (and always did) work 
closely with the MCC to proceed on with the mission. Often the ‘next steps’ were 
‘directive’ in nature and emanated from MCC.” 
One of the important differences from the air traffic analogy is the visibility 


424 Rendezvous and docking 


Mission control during Apollo 14’s docking problems. (NASA) 


mission control has into so many of the spacecraft’s systems. Air traffic control looks 
at the movements of many aircraft all at once but cannot diagnose an impending 
technical problem in a single aircraft. Apollo’s mission control, on the other hand, 
while having no other spacecraft to worry about, could see far more detail about its 
health than the crew could, and could bring much more brainpower to any situation. 
Throughout an Apollo flight, there were many times when a decision from mission 
control was vital to the progression of the mission, typified by the ‘Go/no-Go’ call 
which became a media catchphrase of the MOCR, for example, before TLI, LOI and 
the final decision to land on the Moon (PDI), as Griffin explained: 

“The MCC had to make sure the ground-based systems and the systems the crew 
couldn’t see (for example, the S-IVB before TLI, or the command module before 
PDI) were ready. Then, we unequivocally told them that we were Go, or no-Go. If 
the MCC and the crew were Go, the crew was expected to carry out the ‘next step’. 
Of course, similar to the aviation analogy, the commander or crew could hold off 
performing one of those milestone events even after we both had agreed it was Go if 
they didn’t like something they saw. If they were right, so be it — good catch — but 
they had better be right.” 

The Mission Control Center evolved during the 1960s through the Mercury and 
Gemini programmes, beginning with Chris Kraft as the model for the flight director. 
He defined this role, and also that of mission control and the crew. Around him, the 
very best engineers and specialists were brought together, some in the MOCR, others 
in outlying rooms and buildings or at contractors’ premises, able to coordinate and 
run a normal mission, and to react to and troubleshoot an anomalous one. 

During Apollo, international TV coverage of the astronauts at their work was often 
interspersed with a wide-angle shot of the MOCR during periods when no pictures 
were available from the spacecraft. Images of serious-looking people in shirt and tie, 
seated at high-tech consoles where screens flickered and lights blinked, became part of 
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the public mythology of American spaceflight. A generation later, the imagery of 
astronauts and mission control turns up in such movies as Contact, Deep Impact and, 
of necessity, in Apollo 13. But, as is often the case, this is an incomplete image. Gerry 
Griffin advised on the making of some of these movies and even took a cameo role as 
a flight controller. But he believes this public imagery needs to be put into perspective. 

“The astronauts didn’t run the Apollo programme, neither did the flight 
controllers, and neither of the two were totally responsible for the success of Apollo. 
The Apollo programme was run by a very capable bunch of guys-on-the-ground who 
managed the funding for, and the building of, the flight and ground hardware. These 
same guys also got the agency enough money to hire the best people in the world at 
NASA and its contractors to do the work — including astronauts and flight 
controllers. The MCC included all of these guys-on-the-ground, not just the flight 
controllers from the Flight Control Division at [the Manned Spacecraft Center, later 
renamed as the Johnson Space Center]. When a decision was made by the entire team 
on the ground it was always discussed with the crew for their input, adjusted if 
necessary, then implemented. While the astronauts and flight controllers got most of 
the visibility in Apollo, we both were actually very small, albeit very important, parts 
of the programme.” 

The most important lesson to take from how Apollo managed to operate so well, 
was that it represented the epitome of teamwork. The commander and his crew have 
the situational awareness at the sharp end of the operation, while the personnel at 
mission control have a far wider knowledge of the context within which the flight is 
flown. David Scott commented on this in later years: 

“Mission control doesn’t have any control over the spacecraft, so it’s ‘mission 
advisory’. It’s like air traffic control; they control the airspace but they don’t control 
the airplane. They advise the airplane and the pilot is accountable for all of his 
actions and that’s basically the way the system works. Who’s in command and who’s 
in control and who’s advisory — it’s a team kind of thing. Everybody has to work. 
You have to balance the situational awareness with the advice from MCC because 
they have much more data to look at so their advice is invaluable to the situational 
decision. But it’s not a command. Some people in management and MCC would 
consider it a command, but that’s OK. The commander, in a situation, sometimes 
has to override the words that he gets from MCC in order to complete the objectives 
for which he’s responsible.” 

Having crews that were mostly derived from military and test flying affected the 
melding of the crew/controller relationship. These were people who were used to 
fulfilling orders and getting the job done in association with controllers, yet able to 
cope at the sharp end of aircraft command in sometimes difficult situations, as Scott 
explained: “‘“Another mindset of those of us who were flying during those days was 
that we had a lot of flight experience alone in airplanes where we had to make 
decisions. If you don’t have that, then you probably have a more open mindset to 
MCC’s instructions or advice. In other words, if you haven’t been in these situations 
where you got bad advice or had to make decisions on your own in flight, then you 
would rely more totally on MCC because you don’t have this experience of needing 
to do your own decisions on all the data.” 
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We will leave it to Gerry Griffin to sum up why NASA’s mission control worked 
so well: “Simply stated, it was the best flight operations team ever assembled. It was 
built on respect, trust and teamwork. The flight crews and flight controllers were a 
tight bunch who trusted each other to do the right thing. The only time it didn’t 
work, and work extremely well, was Apollo 7; and even at that, the mission turned 
out to be a huge success.” 


EPITAPH FOR THE LUNAR MODULE 


The Apollo lunar module has a special place in the hearts of those who study the 
Apollo programme. In every way, it was an extraordinary flying machine. Its systems 
were often at the very edge of what humans could wield at the time, from its 
advanced lightweight computer to the supercritical helium technology that 
pressurised its tanks. Its pared-down, minimalist form was often derided by the 
press as ungainly and spidery, like a bug. But its beauty derived not from any need to 
slip through a planet’s atmosphere like an aircraft does. The beauty of the LM was in 
its function: it took men to another world for the first time in the history of the 
human race, and did so in the spirit of exploration, as a weapon of peace in a battle 
for the minds of people. 

Even in its last act, it continued to add to our knowledge of the Moon, because in 
most cases it was commanded to impact the lunar surface in the name of science. 
Most of the Apollo crews left seismometers as well as other experiments scattered 
across the surface. When the LM ascent stage hit the surface at nearly 6,000 
kilometres per hour, it sent shock waves through the interior of the Moon that were 
picked up by the emplaced instruments and radioed back to Earth. Geologists used 
these signals to decode the internal structure of our natural satellite. 

Each of the six descent stages that safely lowered their human cargo to the lunar 
surface are still to be found there. Each ended its useful life as a launch pad for the 
ascent stages, and then began its 
lonely, perhaps futile wait for 
humans to return. If we never go 
back to the Moon, these relics 
will all sit there silently, forever 
immobile except for the changes 
that come about every lunar day 
and night as they experience the 
fierce heat of the unfiltered Sun 
or the deep chill of space. 

Every so often, a miniscule 
dust particle will fall at an 
extreme velocity and punch a 
tiny crater in one of them. Less 
The Apollo 17 descent stage left behind at Taurus- often, a meteorite will impact 
Littrow. (NASA) somewhere in the distance, 
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launch a sheet of ejecta across the landscape and coat a descent stage in a thin layer 
of finely pulverised rock. With a slowness that our minds can barely conceive, over 
terms measured in millions of years, the Apollo descent stages and all the other 
human artefacts we set across the Moon’s surface in that golden age of exploration, 
will erode, sandblasted by the incessant rain of dust that still collects on all the 
worlds of the solar system. Simultaneously, they will be gradually covered with dust, 
scarred skeletons buried within the regolith until, perhaps 500 million years into the 
future, the only sign of our visit will be a few dusty mounds — like sandcastles on a 
beach that have been washed away by the tide. That is, if we never return. 
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MISSION ACCOMPLISHED... NEARLY 


With their exploration to the lunar surface finished, their rock samples stowed and 
the orbital science programme completed, it was time to return to the home planet. 
At this point, the Apollo spacecraft consisted of just the CSM, the LM ascent stage 
having been jettisoned and, in some cases, made to crash on the Moon for the benefit 
of the seismometers emplaced by the crews. 

Return to Earth was achieved by the last major firing of the SPS engine. This burn 
had terrified managers for years, and amply fed the hunger of newspaper and 
television journalists for riveting speculation about doomed astronauts marooned in 
their cocoon of failed technology around a forbidding, desolate planet while waiting 
for a time when their own exhalations would begin to asphyxiate them even as they 
heroically struggled to repair their flawed ship. The terror and hyperbole was driven 
by the knowledge that, while a failure to enter lunar orbit would have resulted in a 
return to Earth, failure of the burn to leave lunar orbit would, by all analyses, have 
led to the deaths of the crew. As no fail-safe system existed, the SPS had to be totally 
reliable. 


TRANS-EARTH INJECTION 


The NASA-ese term for the manoeuvre that brought the spacecraft out of lunar 
orbit and homeward to Earth was trans-Earth injection (TED. In simple terms, it was 
very similar to the TLI manoeuvre that sent the crew Moonward in the first place in 
that its task was to add more speed to the spacecraft in order to raise the high point 
of its orbit sufficiently to propel it from one world to another. To achieve this, their 
orbital velocity had to be raised by nearly one kilometre per second. With only 
meagre thrust available from the RCS thrusters, the big engine on the service module 
was the only means of gaining so much speed. 
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As with the TLI burn, TEI was based on a Hohmann-type transfer. In the context 
of the Earth-Moon system, this meant that to reach Earth, the burn had to be carried 
out on the side of the Moon opposite Earth. In other words, the TEI manoeuvre had 
to be carried out over the Moon’s far side. The duration of the burn was calculated 
to raise their near-side apolune towards Earth until their trajectory became open 
ended, or hyperbolic. It was then no longer an elliptical orbit but had become an S- 
shaped path that would allow them to fall to Earth. 

As usual, timing was everything. Mission planners needed to arrange a welcoming 
committee, which included an aircraft carrier, to recover the spacecraft and crew. 
Although the command module was designed to land on water, it was not a boat. It 
wallowed sickeningly in even mild swells, and the nature of its precious cargo of 
crew, rocks and film — and indeed the interest of the world — ensured that the US 
government made every effort to organise an appropriate reception, courtesy of the 
US Navy, for when the spacecraft returned. However, as aircraft carriers and their 
escorts could not be moved around the Earth’s oceans very quickly, a prime landing 
area was designated in the middle of the Pacific Ocean where the largest recovery 
force would be stationed. Smaller forces were on standby at other designated sites on 
the other major oceans. 

When deciding on a trajectory for the coast home, the Retro flight controller 
had to weigh a number of constraining factors. If re-entry was to be successfully 
negotiated, then whichever trajectory from the Moon to the Earth was used, the 
CM had to arrive at the top of the atmosphere at a shallow angle of 6.5 degrees, 
give or take a degree — a condition that occurred more or less on the opposite side 
of the Earth from the Moon’s position when the TEI burn occurred. The latitude of 
the splashdown site would be within Earth’s tropical region for the majority of 
possible trajectories — i.e. between the tropics of Cancer and Capricorn — because 
the Moon’s orbit hardly strayed from the ecliptic, to which Earth’s axis is inclined 
at 23.5 degrees. Other solutions were possible, but would have required too much 
propellant to achieve. The Apollo system worked on a propellant shoestring and 
planners could not be profligate with the stuff, which constrained the possible 
trajectories further. 

An even narrower set of trajectories was selected by the 24-hour rotation of the 
Earth. Retro knew that the command module would fly about 2,000 kilometres from 
its point of atmospheric entry to its point of splashdown, and there was only one 
moment in each day when the revolving Earth brought the recovery site 2,000 
kilometres downrange of the start of entry. He therefore had to decide whether he 
wanted the crew to make a faster return or wait one full rotation and keep it leisurely 
—a decision made in view of the state of the consumables on board. The faster return 
used slightly more propellant but caught Earth one rotation early in case other 
consumables were low. Otherwise, a slower trajectory would allow extra time for 
more science if all other considerations allowed. 


When to go 
The right time to return from the Moon was dependent on the mission, the 
consumables available to the crew, the propellant available to the engine, and the 
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status of the flight; that is, whether an emergency forced an early departure. As soon 
as they arrived in lunar orbit, and throughout their stay, the crews of all the missions 
were given abort PADs at regular intervals, lists of numbers giving instructions for a 
TEI manoeuvre that would allow them to make an early independent return to 
Earth. None of the missions ever needed to use these PADs. 

The first flight to enter lunar orbit, Apollo 8, did not stay for long because, as a 
pioneering flight, it was not one of intense exploration. Rather, it was more of a 
‘grab and run’ affair, orbiting for only 10 revolutions and 20 hours in the second 
Apollo CSM to fly, and proving that it and its crew could achieve lunar orbit and 
still return home safely, with a little reconnaissance thrown in for good measure. 
Prior to loss of signal on each orbit, Frank Borman insisted that mission control give 
him an explicit Go to continue orbiting, otherwise he intended to use the contingency 
TEI data to fire up the SPS engine and send the spacecraft back to Earth. In the 
event, Apollo 8’s CSM worked like a charm and there was no reason to come home 
early. Borman and his crew made a successful burn at the end of the tenth orbit 
around the far side to begin their long fall to Earth as planned. 

Similarly, the lunar missions immediately following Apollo 8 did not stay around 
the Moon for long. Once the LM crew had returned from their exploration of the 
surface, the crews either headed for home soon after the lander’s ascent stage had 
been jettisoned, or took a single night’s rest in lunar orbit. This changed with the 
introduction of the J-missions. Having spent significant sums to extend the 
capability of the CSM and to pack a suite of scientific instruments into the side of 
the service module, NASA decided that the spacecraft should remain in orbit around 
the Moon for a full day after the LM had been jettisoned. This additional time was 
of particular benefit to Apollos 15 and 17. Their northerly landing sites required the 
CSM’s orbit to be significantly tilted with respect to the lunar equator. This meant 
that the Moon’s rotation brought new terrain into the realms of the sensors and 
cameras and allowed the sunrise terminator to crawl across the surface for another 
day, another 12 degrees of longitude, thereby bringing more landscape into view. 
The near-equatorial orbit of Apollo 16 offered little benefit from an extended stay 
and, in the event, the problem with Casper’s SPS engine gimbals led mission control 
to forego the extra day. The crews of the other two J-missions reported that extra 
time in lunar orbit gave them a chance to wind down and rest after what had been an 
arduous expedition to the surface. 


SUBSATELLITE 


In an effort to get around the terribly short period of time that an Apollo CSM was 
permitted to orbit the Moon, barely a week at most, scientists added a small, 35.6- 
kilogram subsatellite to the SIM bays of Apollos 15 and 16. This was ejected just 
before the crew headed home. Its function was to investigate the various particles 
and fields in the lunar environment. ‘Particles and fields’ is an expression used within 
the planetary science community for the investigation of planets and their 
environments whereby, rather than taking pictures of a planetary body, measure- 
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Apollo 15’s subsatellite about to be installed in the service module. (NASA) 


ments are taken of the force fields, molecules and radiations that surround and 
interact with it. In the late 1990s, this work was continued by the Lunar Prospector 
probe. 

The subsatellites added an extra complication to the missions’ flight plans because 
the scientists did not want them to be placed into the CSM’s normal orbit. Orbits 
around the Moon are inherently unstable. Given enough time, the influence of the 
mascons beneath the lunar surface and the tug of Earth’s gravity will cause an 
orbiting body to hit the surface. The subsatellite had no means of propulsion with 
which to compensate for these perturbations and if it were to be deployed from the 
CSM’s normal orbit, its lifetime would have been measured in weeks. But by 
manoeuvring the CSM prior to deployment it would be possible to extend its life 
towards a year. 

“T have the Shape SPS/G&N PAD, when you're ready for that,” said Joe Allen. 
He was ready to read up the details of the burn that would shape Apollo 15’s orbit in 
preparation for the subsatellite launch. 

Jim Irwin usually took on the task of copying down the pads for this mission: 
“Okay, Joe. I’m ready on the Shape PAD.” Occurring only two and half hours 
before TEI, the manoeuvre required only a 3-second burn of the SPS engine to raise 
their orbit’s apolune and perilune from 121.1 by 96.7-kilometre values to 140.9 by 
100.6 kilometres respectively. 
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The shaping burn was made successfully just before Endeavour went behind the 
Moon for its penultimate time. Then, around the far side, Worden executed ‘Verb 
49’ in the computer, which instructed it to bring the spacecraft’s attitude around to 
one that would place the long axis of the subsatellite perpendicular to the ecliptic and 
therefore perpendicular to the Sun. The launching mechanism was designed to spin 
the subsatellite as it was ejected from its receptacle in the SIM bay. This stabilised the 
small craft as it drifted away from the CSM, allowing the solar panels around its 
body to receive the sunlight required to power it. When they came back around the 
near side, the crew armed the pyrotechnics of the ejection mechanism while mission 
control monitored the spacecraft’s telemetry. An hour and 20 minutes before TEI, 
Allen piped up: “Endeavour. We verify your SIM pyro bus arm, and your rates look 
good to us down here. Over.” 

“Okay,” replied David Scott. ‘““We’ll go Free.” 

As it was desirable for the spacecraft to be as still as possible for the deployment, 
time had been allowed for its rate of rotation to settle down within the half-degree 
dead band around the ideal launch attitude. Then, rather than risk the thrusters 
firing just as the subsatellite departed, the control mode for attitude was switched 
to Free essentially disengaging the autopilot and allowing the spacecraft to drift. 
This was the first time that such a satellite ejection had occurred on a NASA 
spacecraft. ““And we know one of you will be watching out the window,” reminded 
Allen. ‘“We’re particularly interested if the spin of the satellite is sweeping out a 
cone or if it seems to be a fairly flat spin as it comes out.’’ What Allen meant was 
that the satellite should be spinning around its long axis. It was important to the 
long-term future of the little spacecraft that this rotation be as even as possible as it 
departed. 

However, there was still enough rotation in the CSM to take it slightly out of the 
desired attitude. “Endeavour, we’re requesting you go back to Auto and do another 
‘Verb 49’, please. We see you drifted off about a degree.” 

“In work,” obliged Worden. 

A suggestion then came from someone in mission control that the CSM should 
constantly correct its attitude until just before the launch. “Okay, Endeavour,” 
called Allen. ““We’re recommending that you go back to Free at launch minus one 
minute.” 

“Okay; Free at launch minus one minute,” confirmed Irwin. Mission control was 
still considering this one. Allen came on the air/ground a minute later with a revised 
procedure: “Endeavour, we’ve got a new update for the last instructions. Go Free at 
launch, please.” 

Scott took a turn to reply: “Roger; Free at launch.” 

By minimising the time spent Free they would reduce the scope for drifting off 
attitude. 

Scott counted down the moments to launch: “Three, two, one. Launch. We have a 
barber pole.” 

The subsatellite and its deployment mechanism moved along a track, opening a 
door in the process. It then engaged a switch that fired the pyrotechnics to release it, 
allowing a spring to push it away from the spacecraft. A pin engaged in a curving 
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groove in a cylinder and 
imparted a rotation to the 
subsatellite which was stabi- 
lised by the deployment of 
three antennae. Scott saw a 
talkback indicator go to its 
‘barber pole’ state. Once 
launch was complete, the 
deployment mechanism was 
retracted and this placed a 
grey flag in the indicator. 

“And a grey,” confirmed 
Scott. “Tally Ho!” 

“Can you see much?’’ 
asked Allen. 

“Oh, looks like it might be 
oscillating maybe 10 degrees 
at the most,” said Scott as the 
long, hexagonal satellite 
drifted away, its three long, 
thin antennae sweeping out 
arcs in the sunlight. ““A very 
pretty satellite out there. We get about two flashes per rev off each boom, and it 
seems to be rotating quite well. Very stable.” 

The Apollo 15 subsatellite worked well for seven months before its telemetry 
failed. Apollo 16’s fared less well because mission control had decided to save the iffy 
SPS engine for the TEI manoeuvre and therefore cancelled the burn to shape their 
orbit. The subsatellite operated perfectly for 34 days before the changes in its orbit 
caused it to impact somewhere on the far side. The main result was a greater 
understanding of how the solar wind interacts with the Moon. In particular, the 
magnetometers on board each subsatellite also provided detailed information of the 
remanent magnetic field that some areas of the Moon exhibited in the form of 
miniature magnetospheres which warded off the solar wind. 

Other tasks that had to be completed prior to the TEI burn on a J-mission 
included the retraction of instruments and paraphernalia that projected from the 
SIM bay. As the mapping camera was operated while extended out along a track to 
give the stellar camera a view to the side, the entire device was supposed to be 
retracted. However, this mechanism failed on Apollo 15. On Apollos 15 and 16, two 
instruments were operated on the end of 7-metre-long booms that could not 
withstand the load of an SPS engine burn. Although these booms were excluded 
from Apollo 17, it had two long antennae that projected out to either side of the 
service module, and these had also to be retracted. If any of these protuberances 
failed to retract, the crew had the option of jettisoning them, as was done when 
Apollo 16’s mass spectrometer boom failed. 


The Apollo 15 subsatellite spins into the distance after 
deployment. (NASA) 
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THE TEI PAD: A WORKED EXAMPLE 


Charlie Duke had been Capcom on the White Team in mission control when 
Armstrong and Aldrin brought Eagle down onto Mare Tranquillitatis. He was 
Capcom again when Columbia was preparing to leave lunar orbit. “Apollo 11, 
Houston. Your friendly White Team has your coming-home information, if you’re 
ready to copy. Over.” 

Aldrin was fulfilling the role of secretary: “Apollo 11. Ready to copy.” 

“Roger, Eleven,” replied Duke as he prepared to send the mind-numbing 
sequence of numbers that crews accepted as the difference between getting home to 
the cool green hills of Earth, or staying in the Moon’s embrace. He had two of these 
PADs to send. The first was for the burn they all hoped the crew would use at the 
end of their thirtieth revolution around the Moon. The second was a contingency in 
case the SPS engine failed to light at the first opportunity, in the hope that it would 
light next time around. 

“TEI-30,” started Duke. “SPS/G&N: 36691, minus 061, plus 066, 135234156. 
Noun 81: 32 — correction — plus 32011, plus 06818, minus 02650 181 054 014. Apogee 
is N/A, perigee plus 00230 3286 — correction — 32836; burn time 228 32628 24 1511 

357. Next three lines are N/A. 

eT TET Noun 61: plus 1103, minus 17237 

VEGA_& DENEB rfelz|-{3{o} PURPOSE 11806 36275 1950452. Set stars 
ISG | & [IN | PRoP/GUID are Deneb and Vega, 242 172 


Pislelelsta fer we 012. We'd like ullage from two 


rR N48 
YTRIM 


jets for 16 seconds, and the 
horizon is on the 10-degree line 


pepe ore HRS GETI 
Ffo[ofo[2|3]min nas 


BOgnGGE at Tig minus two minutes; and 
uuace_2 jets +13 12101241 |"x N81 your sextant star is visible after 
= $= 134 plus 50. Stand by on your 

readback.” 


Aldrin wrote all this in the 
standard P30 form, and then read 
it back to Duke to ensure that he 
had copied it down correctly. 


HORIZON/WWINDOW __ 


Horizon on_ x3 [2 tele They then repeated the process 

rr B for the contingency PAD. 

Se err The flight controllers in the 
$ MOCR were polled by flight 
6 director Gene Kranz about 
= | ore Sextant 3 | whether, within their area of 

PETIT, = EH T2t37 [onc > responsibility, they were happy 

after 134: 50 eonand ee for Apollo 11 to attempt the 

[219 [5t0[435]2 Jer _0.05¢| upcoming burn. When a unan- 
imously positive response was 
The PAD for Apollo 11’s TEI manoeuvre. gathered, Kranz directed Duke 


(Redrawn from NASA source.) to inform the crew. “Apollo 11, 
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Houston,” called Duke. “You are Go for TEI.” Eight minutes later, Columbia 
passed behind the Moon for what would hopefully be its final time. 

In the following translation of this PAD, some details have been glossed over. 
Readers should consult the fuller explanation of the PAD for LOI given in Chapter 8. 

TEI-30, SPS/G&N — As usual, the initial statement gave the purpose of the burn 
(to perform a trans-Earth injection manoeuvre, in this case on the 30th orbit), which 
propulsion system was to be used (the big rocket engine sticking out of the back end 
of the spacecraft) and the system that was to control it (the guidance and navigation 
system). The CSM was expected to weigh 36,697 pounds (16,643 kilograms) at 
ignition. 

Prior to the burn, the engine nozzle was to be aimed to act through the 
spacecraft’s calculated centre of mass, in this case, minus 0.61 degrees and plus 0.66 
degrees. This was only an initial setting to minimise attitude excursions at ignition. 
Once the engine was burning, the computer would take control of the nozzle, 
swivelling it as necessary to keep it properly aimed while the spacecraft’s centre of 
mass shifted. 

The nine-digit number — 135234156 — represented the ignition time. This was 135 
hours, 23 minutes, 41.56 seconds into the mission. 

For such an unwieldy collection of data, Noun 81: plus 32011, plus 06818, minus 
02650 was pretty simple. It detailed the change in velocity that the burn would be 
expected to impart on the spacecraft, expressed in tenths of feet per second. As is 
normal in the spaceflight realm, the total velocity change was broken down into 
three orthogonal vectors given with respect to the local vertical/local horizontal 
frame of reference, and were entered into the computer under the name ‘Noun 81’. 

It is plain that the largest component of the burn was positive in the x axis, 3,201.1 
feet per second (975.7 metres per second), indicating that the burn was to be largely 
along their direction of motion. There was also a substantial component in the y 
axis, 681.8 feet per second (207.8 metres per second), to push the spacecraft slightly 
south of their original orbital plane. The smallest component, 265 feet per second 
(80.8 metres per second), would act opposite the z axis and therefore away from the 
centre of the Moon. 

The numbers /8/, 054 and 0/4 represented the required attitude of the spacecraft. 
The figures are angles given with respect to the orientation of the guidance platform. 
It is interesting to note that these attitude numbers appear rather arbitrary — a fact 
that illustrates the development of Apollo’s procedures. For all flights to the Moon, 
the burn to enter lunar orbit, LOI, was performed with the platform aligned to an 
orientation that coincided in some way with their expected attitude for the burn. This 
made the FDAI displays easier to interpret. For TEI on Apollo 11, the platform is 
still orientated according to the ‘lift-off REFSMMAT?’. In other words, the attitude 
angles given represent the attitude that the spacecraft should adopt for TEI as 
expressed relative to the orientation of Eagle’s landing site at the time of its lift-off 
from the surface. Although later missions used coincident REFSMMATSs for TEI in 
the same fashion as for LOI, the idea was not considered so important for the early 
missions in view of the fact that, at TEI, the spacecraft was increasing its speed, and 
thereby would be rising away from the surface and not be in danger of crashing. 
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Apogee is N/A, perigee plus 00230 gave the size of the orbit expected to result from 
the burn, stated in nautical miles. These were given with respect to Earth. Since the 
spacecraft was coming all the way from the Moon, the apogee figure would be 
meaningless. The figure of 23 nautical miles given for perigee represents about 43 
kilometres and was actually theoretical. Any spacecraft that approaches Earth on an 
orbit with a 43-kilometre perigee is destined to enter the atmosphere, be slowed, and 
most likely burn up if not protected. This is therefore a very good figure. 

The total velocity change, delta-vt, of 32836 was to be imparted by the engine 
along the plus-x direction, given in tenths of feet per second. As such, it is really the 
vector sum of the three component velocities given earlier. It represents almost 
exactly a speed increase of one kilometre per second. 

The number, 228, was the expected duration of the burn: 2 minutes, 28 seconds. 
The crew would keep an eye on this and make sure that if the automatic systems 
failed to shut down the engine around this time, they would do it manually soon 
after. 

Another figure for velocity change, known as delta-vc, of 32628 was very much 
like delta-vt, the main difference being that it was for the EMS digital display that 
provided a backup method of shutting down the engine. The EMS was a less 
sophisticated method of ending the burn because it could not account for the tail-off 
thrust that an engine has after shutdown, whereas this could be taken into account 
by the primary system and the controllers handled this by reducing the figure 
appropriately. 

The numbers 24, 15/1 and 357 were to provide a check of their attitude. The star 
designated by the octal number 24 (Gienah, or Gamma Corvi) should be visible 
through the sextant when its shaft angle had been set to 151.1 degrees and its 
trunnion angle to 35.7 degrees. 

At the start of Apollo operations, mission control standardised the software and 
associated forms for PADs like this one for P30, and it included two methods of 
checking their attitude. The remark that the next three lines are N/A, reflected the 
fact that the spacecraft’s windows were facing the Moon, and therefore the COAS, 
mounted in the left-hand rendezvous window, could not be used to sight on a star. 
Noun 61 in the computer held the latitude and longitude of the planned landing site 
on Earth in geodetic coordinates so Noun 61; plus 1103, minus 17237 indicated that 
the target was in the mid-Pacific Ocean at 11.03°N, 172.37°W. 

Given in tenths of a nautical mile, 7/806 was the distance the command module 
was to travel between entering Earth’s atmosphere and landing. It is equivalent to 
2,186.4 kilometres. At entry, the CM would be expected to be travelling at 36,275 
feet per second or slightly over 11 kilometres per second. Mission control expected 
that, upon entering the atmosphere, the crew and spacecraft would sense one- 
twentieth of 1 g at 195 hours, 4 minutes, 52 seconds mission elapsed time. 

The crew’s backup method of determining their attitude reference, should they 
lose the platform, required that they align the stars Deneb and Vega in the telescope 
eyepiece in a prescribed way. If they were to do this, their attitude would be given as: 
242 degrees in roll, 772 degrees in pitch and /2 degrees in yaw. 

The remainder of the PAD consisted of notes pertaining to the burn. An ullage 
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burn prior to the TEI burn itself was required to settle the propellants to the bottom 
of the large tanks in the service module. This burn was to be made using two of the 
four rearward-facing RCS thrusters for 16 seconds. As a quick check prior to the 
burn, two minutes before ignition they should expect to see the Moon’s horizon 
aligned with the 10-degree mark inscribed on the left-hand rendezvous window. 
Finally, mission control noted that the star they were to use for the sextant check 
would not rise above the Moon’s horizon until about half and hour before the burn. 


COUNTING DOWN TO THE BURN 


“What’s the time?” asked Aldrin from Columbia’s right-hand couch. The crew of 
Apollo 11 had made their attitude checks prior to TEI, and were verifying that the 
engine bell was swivelling on its gimbal correctly in response to steering commands. 
Preparations were going smoothly and there was a light mood in the cabin as their 
incredible flight began to look as if it might actually come off. 

“We have 12 minutes to go,” replied Collins, occupying the left couch. 

Aldrin had been wondering what they should do once TEI was completed: “You 
going to pitch up after the burn?” 

“Sounds like a good idea,” agreed Collins. ““Let’s look at the Moon after the 
burn. That’ll give us high-gain, right?’ 

“Check,” concurred Aldrin. Since they needed the spacecraft’s high-gain antenna 
to face Earth and it was positioned on the opposite side from their windows, it made 
sense to point the spacecraft down to have the high-gain in a favourable position for 
Earth and, meantime, watch the Moon recede. 

“Okay, 10 minutes until Tig,” called Armstrong. ‘Tig’ was the ‘Time of ignition’ 
and everything they did worked towards it being on time and as flawless as possible. 
As they were over the far side of the Moon, where it also happened to be lunar night, 
neither the Sun nor Earth was shining across the landscape, and the only way to see 
the Moon’s position was by looking at a huge void where there were no stars. The 
spacecraft had to be travelling with its apex forward to enable the engine at the rear 
to accelerate them out of lunar orbit, and Collins was straining at the window for 
some kind of confirmation of this fact. 

“T see a horizon,” he laughed. “It looks like we are going forward.” 

“Shades of Gemini,” reminded Armstrong. 

“It is most important that we be going forward,” stated Collins. 

Aldrin began gently mocking his crewmate. ‘“‘Let’s see. The motors point this way 
and the gases escape that way, therefore imparting a thrust that-a-way.” They all 
laughed. 

This was a chance to pause and reflect during their preparations, and to look for 
the horizon that they were supposed to check in a few minutes. 

“Beautiful looking horizon,” said Armstrong. “It’s hard to describe.” 

“God, it has an eerie look to it,” added Aldrin. “It’s not a horizon, it’s just a 
band.” 

Collins and Aldrin could see directly forward through their rendezvous windows 
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along the plus-x axis and towards the sunrise. Armstrong’s view from the middle 
couch was limited to the hatch window just above his head. 

“Tt was really eerie when it first came,” said Armstrong as the Sun rose and the 
terminator came into view. “And the way the terminator is, you don’t see the whole 
Moon at all.” 

“T know,” said Collins. “I was looking at it upside down for a while.” 

“Yes, and then that scares you,” added Armstrong, ‘“‘because that says you’re 
going retrograde, right? Well, let’s see, if it’s upside down, you’re going backwards.” 

Collins brought them back to their checklist. “Alright, we’re coming up on bus tie 
time; we’ve got a little over 6 [minutes] 50 [seconds] until Tig.” 

The crew returned to the protocol of challenge and response, with Armstrong 
reading out a line from the checklist and Collins repeating it once he had carried out 
the instruction. Once they had dealt with the internal configuration of the spacecraft 
it was time for another external check. 

“Two minutes to get our horizon check at 10 degrees.” Armstrong had little 
option but to have his head in the checklist. 

“Yes, and sneaking up on there, looks pretty darn good,” said Aldrin. ‘““Looks 
like we’re darn near right.’ The spacecraft was holding a steady attitude with respect 
to the stars so, in a sense, the Moon appeared like a great, rounded hill and they were 
in a helicopter approaching the summit. The Moon’s horizon crept down Collins’s 
window towards the 10-degree mark. Aldrin’s window did not have that mark but he 
could infer it. “Okay, coming up on two minutes,” he called, ‘“‘and this damn horizon 
check is going to be, would you believe, perfect?” 

“T hope so,”’ said Armstrong. 

“Fantastic,” enthused Aldrin. ‘First time we ever got a perfect horizon check. 
Spent too many hours in the simulator looking for an unreal horizon. Alright, 
horizon check passes.” 

“Beautiful,” agreed Collins, who armed one of the engine’s control banks then 
proceeded with Armstrong through the final lines of the checklist. 

“Okay, stand by for 35 seconds,” announced Collins. ““Mark it. DSKY blanks; 
EMS is in Normal.” The guidance system had begun to measure their acceleration. 

Aldrin came back, “‘Check.”’ 

“Coming up on [5 seconds,” said Collins. 

Armstrong readied himself at the computer keyboard for when the display would 
start flashing ‘99’ at him, asking for permission to light the engine. “Okay, I’ll get the 
99.” 

“Okay,” said Collins. “Stand by for ullage. Ullage.”’ 

“Got the ullage,” reported Aldrin. Two rearward-facing thrusters lit up, gently 
pushing the spacecraft forward and bringing the weightless propellant to the bottom 
of the tanks as the crew counted down. 

“Burn!” shouted Collins as the SPS engine lit. “A good one. Nice.” 

“T got two balls,”’ called Aldrin. 

As planned, only two of the four ball valves on the propellant feed lines had been 
opened by the computer. 

“Okay, here comes the other two,” said Collins as he threw the switch to bring in 


440 Heading for home 


the second control bank and bring the engine to its maximum thrust. ‘““Man, that 
feels like g, doesn’t it?” 

When they fired the SPS engine on arrival at the Moon, the tanks in the service 
module had been full and the LM was attached to their nose. Now the CSM was by 
itself and its tanks were only one-third full, giving the SPS the ability to accelerate 
the spacecraft towards | g. 

Collins was closely monitoring the displays in front of him. “Pressures are good. 
Busy in steering, but it’s holding right in there.” 

“How is it, Mike?” asked Aldrin from the right. 

“It’s really busy in roll,” replied Collins, “but it’s holding in its dead band. Looks 
like it’s holding instead of plus or minus five, more like plus or minus eight [degrees]. 
It’s possible that we have a roll-thruster problem, but if we have, it’s taking it out. 
No point in worrying about it. Okay, coming up on one minute. Mark it, one 
minute. Chamber pressure’s holding right on 100 psi.” 

“Looks good,” agreed Aldrin. 

Collins continued with his commentary. ““Gimbals look good; total attitude looks 
good. Rates are damped out. Still a little busy.” 

There was no problem with the roll thruster, but the sloshing propellant could 
have a significant effect on the spacecraft’s attitude which was corrected by the 
thrusters and the engine gimbals. 

“Two minutes. Mark it,” continued Collins. ““When it hits the end of that roll 
dead band, it really comes crisply back.’ Collins was describing how well the 
computer was able to deal with the CSM’s tendency to drift off in attitude. 

“Okay, chamber pressure’s falling off a little bit.’ Collins had one eye on the 
gauge that showed the pressure within the combustion chamber. “Now it’s going 
back up; chamber pressure’s oscillating just a tad.” 

Armstrong called out, “Ten seconds left.” 

“We don’t care about the chamber pressure,” said Collins. “Brace yourself. 
Standing by for engine off.” 

The 2 minutes 28 seconds that mission control had predicted for the burn came 
and went, but the engine was still firing. 

“It should be shut down now,” said Armstrong. 

Collins queried him, “Okay?” 

“Shutdown,” called out Armstrong. 

Collins stopped the engine at the same time as the computer. It had burned for 3.4 
seconds longer than predicted because its thrust during the LOI burn had been 
slightly high and mission control had used that data when planning TEI. In the 
event, a slight change in mixture ratio lowered the thrust and so it burned a little 
longer to achieve the same change in velocity. 

“Let’s look at what we got,” said Collins as they brought up the residual velocity 
components. ‘‘Beautiful,’’ he commented, “‘x and z, 0.2.” A burn that had changed 
their velocity by 1,000 metres per second was showing an error of only six 
centimetres per second. “SPS, I love you,” he exulted. “You are a jewel! Whoosh!” 

As with the LOI burn, no one knew anything of this in the MOCR or anywhere 
else on planet Earth. Any communication with Columbia was blocked by a 3,476- 
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kilometre ball of rock. What they did know in mission control, down to the second, 
were the times when the CSM would come back into view if the burn had worked, 
and if it had not. The increase in velocity would dramatically shorten how long it was 
out of sight. 


FINAL AOS 


Ed Mitchell, LMP on Apollo 14, once wrote, “Preparing for a burn is a serious 
business, and before each one, Stu [Roosa] would announce, ‘It’s sweaty palms time 
again, gentlemen.’ The TEI burn was the one where mission control sweated more 
than usual, and that of Apollo 8 on Christmas Eve of 1968 was viewed with greater 
apprehension than any other, simply because it was the first. Its CSM was only the 
second Block II Apollo spacecraft to have flown in space, and they had sent it and its 
living human cargo all the way around the Moon. While the engineers had complete 
confidence in the reliability of the SPS engine, there was always a deep fear that, 
somewhere in the system, human frailty would cause a problem. In the MOCR, a 
clock counted down to the moment when, if the burn had gone well, the spacecraft 
should come around the limb. The Earth station at Honeysuckle Creek in Australia 
was most favoured and its 26-metre antenna listened carefully. 

The time for acquisition of signal (AOS) arrived, and almost immediately, 
engineers at Honeysuckle reported a Unified S-band radio signal coming from the 
spacecraft. 

“Apollo 8, Houston,” Capcom Ken Mattingly called out to the crew as the 
engineers in Australia worked to lock the great dish’s receivers and transmitters onto 
the spacecraft. 

“Apollo 8, Houston. Apollo 8, Houston,” continued Mattingly. 

“Apollo 8, Houston. Apollo 8, Houston.” 

“Houston, Apollo 8. Over,” called Jim Lovell from the speeding spacecraft. 

“Hello, Apollo 8. Loud and clear,” replied Mattingly, speaking on behalf of all at 
mission control, all of them relieved that they had pulled off the most daring part of 
the flight. 

“Roger,” said Lovell. Then, with the holiday period in mind, “Please be informed, 
there is a Santa Claus.” 

“That’s affirmative,” agreed Mattingly. ““You are the best ones to know.” 

Soon after CSM Charlie Brown appeared on its way home after TEI on Apollo 10, 
commander Tom Stafford, who was an enthusiastic proponent of television from 
Apollo, turned the spacecraft around to aim their colour TV camera at the receding 
Moon. One of his impressions when seeing the entire ball of the Moon in one view 
was: “It’s a good thing we came in backwards at night time where we couldn’t see it, 
because if we came in from this angle, you’d really have to shut your eyes.” 

When Columbia similarly reappeared on time after Apollo 11’s TEI burn, Duke 
was ready to quiz the crew. 

“Hello Apollo 11. Houston. How did it go? Over.” 

Collins cheerily replied, ““Time to open up the LRL doors, Charlie.” The crew 
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The Moon’s far side from Apollo 15 as it departed for Earth. Jenner is top right with its 
central peak, and Vallis Schrédinger is the gash near the bottom. (NASA) 


were now Officially in quarantine and were destined to spend most of the next three 
weeks isolated in the Lunar Receiving Laboratory in Houston. 

“Roger,” said Duke. ““We got you coming home. It’s well stocked.’ Armstrong 
provided the details of the burn and then praised their trusty SPS engine. ““That was 
a beautiful burn. They don’t come any finer.” 

David Scott concurred with how well the SPS worked on Apollo 15: ““What a 
smooth burn that one was. Just can’t beat these rocket engines for travelling.”’ On his 
mission, and all the J-missions, it was customary to adjust the spacecraft’s attitude so 
that the mapping camera could photograph the retreating Moon, and perhaps image 
more of the polar regions which had been relatively poorly covered by the Lunar 
Orbiters. Each succeeding exposure showed the Moon receding further and further 
into the darkness of space. 
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Apollo 16’s view of the receding Moon taken by its mapping camera. At first, only the 
far side was visible, but gradually, the eastern mare came into view. (NASA) 


As Alan Bean watched the stark lunar globe move away from Yankee Clipper on 
Apollo 12, he and his crewmates were struck by the unreality of their situation. ““This 
Moon is just this white ball right out in the middle of a big black void, and there just 
doesn’t seem to be any rhyme or reason why we are here, or why it’s sitting out there. 
All the time we were in lunar orbit we were discussing this thing — how unreal it 
looked. And it is amazing to us to fly around it as it is. When you just think about 
going to the Moon, it is very, very unreal to be there. It’s really getting small in a 
hurry. It’s just sort of unreal to look outside. It is almost like a photograph moving 
away from you. It doesn’t seem possible it can be a whole sphere that you were 
orbiting a couple of hours ago.” 

When the CSM left Earth, the service module’s tanks were loaded with 18.5 
tonnes of propellant. By the time it was on its way back, the majority of this had 
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been consumed. What remained had been kept aside as a contingency in case the 
CSM had to make manoeuvres to rescue a stricken LM in lunar orbit. For the 
Apollo 8 flight, with no LM to transport to lunar orbit, the tanks were still a quarter 
full after TEI, while for Apollo 11, which did have a heavy LM, only an eighth 
remained. Not all of this remaining propellant was usable. By Apollo 17, the 
planners had become more knowledgeable about the spacecraft and its capabilities 
and felt confident to plan the mission such that, after TEI, only four per cent of 
usable propellant remained in its tanks. 


THE LONG FALL TO EARTH 


The coast back from the Moon could be something of an anticlimax, particularly 
during the early Moon flights. The main purpose of the mission had been achieved, 
most of the danger had been successfully negotiated, and if the crew and mission 
control could keep the CSM working well, a safe return was likely. This was a chance 
for the crew to rest a little, and an opportunity to reflect on their successes and, 
perhaps, some of the problems they had encountered. There would often be a TV 
show or two beamed to the masses, and an interplanetary press conference for the 
world’s journalists. But everyone involved knew that danger could lie in the 
unguarded moment and at no time did the flight controllers drop their attention, 
even as the crew slept. 

It would be a mistake to think that nothing happened on the way home, although 
duties were certainly much lighter. There was no lunar module to take up the surface 
crew’s time and some of the housekeeping duties around the command module could 
be shared among all three crewmembers. Some flights were lucky enough to witness 
interesting astronomical events during their return; others had various small science 
and technology experiments that made use of the very rare and expensive time 
during which NASA had people in space. The J-missions, in particular, had a heavier 
workload during their coast home because they had a bay full of science instruments 
in the service module, and while there was no Moon nearby for them to sense and 
sniff, they could be used for a little pathfinding astronomy. 


Homeward activities 

For the three days that the CSM fell to Earth, the crew performed the 
housekeeping chores required to keep a multimillion-dollar machine purring along 
safely. Lithium hydroxide canisters were changed regularly to remove carbon 
dioxide from the air, the fuel cells were purged to remove contaminants from their 
reactive surfaces, and the general-purpose batteries were recharged after busy 
periods. 

Crews would often indulge in a little Moon and Earth photography to use up the 
spare film in their magazines — there was, after all, no point returning it unexposed. 
However, for most of the journey, neither world was particularly photogenic unless 
very long lenses were used, which, except for 500-mm lenses carried on Apollos 12 
and 13, they did not possess. Because of this, the Moon tended to be well 
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photographed as they departed, and due to the timing and geometry of the solar 
system when the flights occurred, it was usually nearing its full phase. Conversely, 
Earth often appeared as an increasingly thin crescent that, for some flights, led to the 
spacecraft entering and then exiting Earth’s shadow. 


Eclipse 

“We're getting a spectacular view at eclipse,’ said Dick Gordon as Apollo 12 
approached Earth. “We’re using the Sun filter for the G&N optics, looking through, 
and it’s unbelievable.” 

It was four hours before splashdown and he was astonished at the celestial 
spectacle that was unfolding through the hatch window as Yankee Clipper began to 
enter Earth’s shadow, and the planet’s limb gradually ate away at the Sun. To 
protect his eyes from the glare, he was using a strong filter normally used in the 
sextant. 

“It’s not quite a straight line,” Gordon continued, “but it’s certainly a large, large 
disk right now. Looks quite a bit different than when you see the Moon eclipse the 
Sun.” 

The timing of this event had been known well in advance and the flight plan had it 
marked, but no one, not even the crew, had realised just what a feast for the eyes it 
would be. Now they were desperate to know what camera settings to use to try to 
capture the scene. 

“Anybody down there know what we can set the camera at to use the Sun filter on 
it?” asked Al Bean. ‘“‘To take a couple of shots of this eclipse right through it?” 

“Stand by and we’ll check,” replied Paul Weitz, final Capcom for the mission. 

“They’d better hustle,” said Bean, seeing how quickly things were changing. Still 
the glare of the Sun was drowning out the scene that was to unfold. ““You cannot see 
the Earth at all when you just shield your hand from the Sun and look where the 
Earth should be. It’s not there at all.” 

Soon the accelerating spacecraft was moving into Earth’s shadow. “Fantastic 
sight,” called Bean. ‘““What we see now is that the Sun is almost completely eclipsed, 
and what it’s done is illuminated the entire atmosphere all the way around the 
Earth.” They were now about 60,000 kilometres from Earth and the planet was 
growing rapidly in their window, its limb aglow with the hues and tones of a 40,000- 
kilometre ring that comprised the largest single sunset ever witnessed by humans. “It 
really looks pretty. You can’t see the Earth. It’s black, just like space.” 

Pete Conrad took up the commentary: ““You can’t see any features on it. All you 
can see is this sort of purple-blue, orange, some shades of violet, completely around 
the Earth. It has blues and pinks in it, but instead of being banded, it’s segmented, 
which is very peculiar; I don’t understand why. It may be the difference between over 
the landmasses and water or something.” 

“Roger, Pete. Understand,” replied Weitz. 

“About a quarter of the Earth is pure blue,’’ Conrad clarified, “‘and then it 
becomes pink to about 20 degrees of arc; and then it turns back to blue again. And 
it’s blue all the way around the bottom to where it turns pink again, and then it turns 
blue again.” 
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Apollo 12’s unusual and spectacular perspective of the approaching Earth as it eclipses 
the Sun. This frame is from 16-mm movie coverage of the event. (NASA) 


“It’s a heck of a time to be without any 70-millimetre colour film, Pll tell you,” 
bemoaned Bean, referring to the Hasselblad film. ‘But I know how to get it ona 16- 
millimetre camera.” The magazines for their movie camera were the only remaining 
source of unexposed colour film. “It looks like this is going to have an illuminated 
atmosphere, probably the whole time it’s eclipsed. The Sun is set, but it’s so close to 
the limb that that bright light is being channelled through the atmosphere, and so if 
you look at it with a naked eye you can’t tell if the Sun is set yet. Through the 
smoked glass, you can see that it’s no longer a disk there, but you just see a bright 
white line the diameter of the Sun.” 

Gordon was running out of words to describe the view: ‘‘This is really spectacular. 
Have you got any more adjectives for spectacular? I’d like to use some if you have.” 

“No. We’ll put somebody to work on that, too,” replied Weitz in jest. 

It is often said that when humans went to explore the Moon, what they really 
discovered was Earth. This was literally coming true for the crew of Apollo 12. Once 
the Sun was behind Earth, their eyes could adapt to the darkness and allow detail to 
become visible across the night-time hemisphere, only now it was illuminated by 
sunlight reflected from the full Moon. 

“This has got to be the most spectacular sight of the whole flight.”” Bean was also 
running short of adjectives. ““Now that the Sun’s behind the Earth, we can see clouds 
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on the dark part of the Earth; and, of course, the Earth’s still defined by this thin 
blue-and-red segmented band. It’s a little bit thicker down where the Sun just set 
than it is at the other one, but it is really a fantastic sight. The clouds appear sort of 
pinkish grey, and they’re scattered all the way around the Earth.” 

Gordon began to see further detail on Earth’s dark face. ‘““Say, Houston. It’s very 
interesting. We can see lightning and the thunderstorms down there on the Earth. 
You can see it quite clearly, flashing from wherever we are.” 

“Yes. They look sort of just like fireflies down there blinking off and on,” added 
Bean. They were now less than 50,000 kilometres out and approaching the height of 
the geostationary communications satellites. 

“We're starting to look out for these synchronous satellites now,’ 
““We’ve been looking ahead.” 

“Sure hate to run into one up here,”’ added Conrad. 

“Yes. It could ruin your day,” agreed Weitz. 

In fact, their trajectory was not in the plane of the equator and so there was no 
risk of a collision. 

As Earth’s sunset lightshow continued, the crew fished out their monocular to get 
a closer look. 

“We’re better night-adapted now,” said Conrad, ‘“‘and by golly, we can see India, 
and we can see the Red Sea, and we can see the Indian Ocean quite clearly. It’s 
amazing how we can see, for that matter. We can see Burma and the clouds going 
around the coastline of Burma, and we can see Africa and the Gulf of Aqaba. We 
can also distinguish the lights of large towns with our naked eye, just barely, and by 
using the monocular, we can confirm that that’s what we’re seeing.” 

Conrad was getting into his stride. 

“There’s a couple of ripdoozer thunderstorms down there that are really, really 
letting go. There seems to be a weather system out there, and it’s got thunderstorms 
all the way along it. Venus is just below the Earth, and we can see Venus quite 
clearly. This is really a sight to behold, to see it at night-time like this. And looking at 
the airglow with the monocular is — Boy, there is another sight now that is not like 
being in Earth orbit whatsoever. It’s a bright red, next to the Earth, and then it’s got 
a green band in it, and then it’s got a blue band.” 

“Would you say these colour bands encircle the Earth now, Pete?” asked Weitz. 

“Yes,” replied Conrad. “But it’s not the same all the way around. What I’m 
seeing is sunrise, really. This is about 40 degrees from the Sun, and there’s a bright 
red band, and then a sort of a light green band that’s very thin, and then a blue one 
which must be all of the atmosphere.”’ 

The crew of Apollo 12 were deeply struck by what they had seen and made a point 
about it after the flight. ““We all were caught with our pants down,” said Conrad 
during the debriefing. ‘““We should have had good camera settings and film available 
for that because it was certainly a spectacular sight.” 

“T feel very strongly about this,’ added Gordon. “I think that someone, the crew 
as much as anyone, really dropped the ball on this. We knew this was going to occur 
before flight and we mentioned it. It was a very poorly handled phenomenon we all 
knew about before the flight.” 


’ 


said Bean. 
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The Apollo 15 crew witnessed a different type of eclipse during their return 
flight. It was not the spacecraft that entered Earth’s shadow, it was the Moon. 
This was a lunar eclipse and it was visible across half of the world. However, 
unlike those on Earth who were watching from within the cone of the shadow, the 
crew of Endeavour had the benefit of a side-on view of the entire spectacle. While 
they coasted to Earth, the Moon continued in its orbit such that two days into the 
coast, they were substantially to one side of the Moon-Earth line. When the Moon 
passed into the shadow, they had a perspective on the event that has never been 
repeated. 

When Earth’s shadow crosses the Moon’s disk, viewers on Earth can see the arc of 
our planet projected onto the lunar surface, which is classic proof that the world is 
round, familiar even to the ancient Greeks. But from Endeavour’s position, well off 
to the side, the spherical shape of the Moon altered the apparent line of the Earth’s 
shadow such that, at the start of the eclipse, the curve of the shadow was more than 
cancelled out. Two hours later, when the Moon exited the shadow, its shape 
reinforced the curve of the Earth and produced a very strong crescent effect. 

Once the Moon had completely entered the umbra, it was no longer lit directly by 
the Sun. However, had Scott and Irwin been standing at Hadley Base at this time 
(and thankfully, they weren’t), they could have looked up at the Earth and seen a 
similar awe-inspiring sight as their buddies had seen on Apollo 12 of 40,000 
kilometres of sunset and sunrise all around the globe forming a ring of gold in the 
sky. Unfortunately, their rover’s TV camera had long since stopped working after a 
circuit breaker in its power supply had opened in the heat of the lunar day. During 
that moment of eclipse, shared by half a world and the occupants of Endeavour, this 
golden ring turned the eclipsed Moon a dark, copper-brown colour. 

Irwin described what he could see: ‘““Right now the Moon varies from a very pale 
orange to a good deep burnt orange on one side and a very gradual change. It 
certainly is pretty.” 

“Very good,” replied Karl Henize, himself an astronomer as well as an astronaut. 
“Tt sounds like a beautiful view from up there. You’ve seen a lunar eclipse of the 
Moon twice as big as anyone else has ever seen such an eclipse.” 

“That was very interesting,” said Irwin, “‘It’d be a great place for somebody like 
you to come up and use your trained eye to interpret all this and understand it.” 

“Sounds like it would be fun, someday,” agreed Henize wistfully. 


Independent navigation 

On all return flights from the Moon, the CMP was kept busier than his crewmates, 
because of his role as the navigator as well as the keeper of the CSM. He regularly 
realigned the guidance platform to keep it orientated with whatever REFSMMAT 
was in force at that point of the mission. He was also responsible for maintaining an 
autonomous ability to navigate the spacecraft to an accurate splashdown in the event 
of a loss of communications with Earth. All the way out to the Moon, he had kept 
his techniques and skills of cislunar navigation up to date with a series of practise 
sessions whereby his measurements of the angle between the Moon or Earth and a 
star were processed by Program 23 to yield the spacecraft’s state vector as a basis for 
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calculating its trajectory. Periodically, however, mission control would replace the 
state vector with one derived from radio tracking. 

From Apollo 14 onwards, NASA decided to simulate this ‘no-communications’ 
scenario by having the CMP maintain an entirely independent state vector. There 
were two areas of the computer’s memory where the numbers relating to the state 
vector were kept: the CSM slot and the LM slot. During the coast home, mission 
control left the state vector in the CSM slot alone for the CMP to refine during his 
navigation exercises. The only time they touched it was to take account of any engine 
burns. They would then download it to Earth, bias it with the effect of the burn, and 
reinstate it for further use by the CMP. Of course, the crew were never expected to 
rely solely on their state vector. As a precaution, the ground’s version was always 
kept in the LM slots, since there was no longer a LM attached. 

As Apollo 15 hurtled home, its CMP Al Worden was continuing this practice. At 
the Capcom console, Bob Parker reported the results of Worden’s P23, navigation 
sightings: “15, Houston. Looks like a good set of P23s again, Al. And your gamma, 
right now, on your vector, is 6.5.” In the clipped, economical parlance of NASA’s 
astronauts, what he meant was that calculating Worden’s state vector forward would 
result in the spacecraft meeting Earth’s atmosphere at an angle of 6.5 degrees. This 
was the ideal value — a point not lost on Worden. 

“It sounds like, after a while, we might get along without you, huh, Bob?” After 
all, this was the object of the exercise. 

“No comment,” returned Parker. 

Worden continued to rub it in. “As a matter of fact, if you guys keep working on 
your ground [calculated] vectors, they might even converge to the onboard vectors 
pretty soon.” 


Clandestine science 

Towards the end of the Apollo programme, crews were handed increasingly large 
programmes of scientific investigation to be carried out during the coast between the 
worlds, most of which took place on the homeward leg. Some of this was a precursor 
to more extensive experimentation that would be carried out on Skylab, the space 
station that NASA was to launch after the Moon programme had been wound 
down. 

Apollo 14’s heavy schedule of in-flight experiments included: demonstrations of 
electrophoresis, heat flow and convection in a weightless environment; how liquids 
behaved as they transferred between tanks; and a demonstration of the casting of 
composite materials in space. However, one of the experiments carried out on board 
Kitty Hawk was not to be found in the flight plan. 

Some observers have noted how, across the six crews who went to the surface, 
there seemed to be a difference of personality between the guys who occupied the left 
station of the lunar module and the guys on the right. The commanders were all 
businesslike, supremely focused and driven and these traits tended to be carried on 
into their time after Apollo. The guys on the right, while equally as competent and 
capable, tended to lead more varied lives once the mission was over. It is unclear 
whether the astronaut selection process managed to tease apart two different types of 
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pilots from what was a very homo- 
geneous pool, or whether the experi- 
ence of the mission itself set the 
course of their future lives. The left- 
hand crewmen were all mission 
commanders, and after Apollo they 
generally went into business, 
management or similar professions. 
Among the right-hand crewmen, 
Schmitt, who was already a scientist, 
became a politician; Irwin and Duke 
had a calling in Christianity; Bean 
took up a career as an artist; and 
Buzz Aldrin struggled with depres- 
sion and alcoholism in the years 
directly after Apollo, then became 
an excellent ambassador for Apollo 
through his many TV appearances 
and public lectures. 


The one remaining LMP in this Ed Mitchell (left) and his commander, Alan 


list, Ed Mitchell, later professed & Shepard with their lunar samples post-flight. 
deep interest in states of being that (NASA) 


were outside the physical — con- 

sciousness, spirituality and the para- 

normal. On the way home from the Moon, he experienced a “grand epiphany” that 
he later described as “nothing short of an overwhelming sense of universal 
connectedness”. 

During the weeks leading up to the launch, Mitchell arranged a clandestine 
experiment with a few like-minded friends whereby they would test the ability of 
‘psychic forces’ to operate over long distances. On four occasions, twice during each 
leg of the journey, he concentrated on a sequence of Zener cards! while his 
crewmates were settling down to sleep. The participants on Earth had to determine 
the sequence. The press had a field day with the story when it was revealed a week 
after their return. Perhaps they sniffed a chink in NASA’s reputation for having a 
scientific or engineering-driven approach to everything. However, Mitchell believes 
his study produced statistically significant results. After his flight, he founded the 
Institute of Noetic Sciences to continue research into the scientific investigation of 
the paranormal. 


Lights in the eyes 
On leaving the protection of Earth’s magnetic field, many crews, beginning with 


Zener cards are familiar tools for paranormal researchers. Each card has one of five 
symbols; a circle, square, cross, star and wavy line. 
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Apollo 11, mentioned occasional brief flashes that would appear in their vision 
irrespective of whether their eyes were open or closed. On Apollo 12 Conrad noted 
the same thing. The Apollo 14 crew made a basic study of the phenomenon after the 
cancellation of a mid-course correction manoeuvre that left them with time on their 
hands. The Apollo 15 crew had some time set aside specifically to further investigate 
the phenomenon whereby the crew would sit in various positions in the cabin 
wearing blindfolds for an hour. 

“T would say 90 per cent were of what I’d call a point source of light,”’ explained 
Scott at the end of their first experimental period. “And to give you an analogy, you 
might picture yourself sitting high in the stands of a darkened arena, and you look 
across at the other side and somebody shoots a flashbulb or something, and that 
would be what I’d call a typical flash of intensity five on a scale one to five.” 

Worden added to Scott’s description: “Most of the light flashes seem to be of the 
order of flashcubes or maybe starbursts that you’ve seen in the summertime. I saw 
very few streaks or radial paths of light. They all seem to be just point sources of 
light.” 

The next two missions took the study further by having one crewman wear a film- 
based particle detector, the Apollo light flash moving emulsion detector (ALFMED) 
while he described the flashes that he saw. Though it was attributed to cosmic rays 
passing through the head and interacting with the human visual system, the results of 
these small-scale experiments were inconclusive. Long-term dedicated experiments 


The ALFMED equipment in use during Apollo 17. (NASA) 
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on board the space stations Mir and the ISS showed that they could also be detected 
in Earth orbit. 

The crews carried out other experiments, both scientific and technological, 
during their coast home. The sensors built into the SIM bays of the J-mission 
CSMs could no longer look at the Moon but opportunities were taken to aim them 
at celestial objects. For example, just prior to Apollo 15, the Uhuru x-ray 
astronomy satellite had discovered a strong x-ray source called Cygnus X-l. The x- 
ray spectrometer in the SIM bay was therefore brought to bear on it to help to 
characterise its emissions. 


In-flight exercise 

Although Apollo occurred in the first decade of manned space flight, doctors had 
already begun to test the body’s reaction to weightlessness during the Gemini 
programme and had noticed how muscle tone and bone mass were lost after only a 
few days. Exercise was believed to be the key to mitigating these effects but this was 
next to impossible in the cramped confines of a Gemini spacecraft — the exerciser was 
an elasticated strap, and the astronaut would loop one end around a foot and then 
pull against the tension. The greater volume afforded by an Apollo cabin permitted 
some limited exercise, especially when the couches were folded away. Every Apollo 
flight therefore carried an ‘Exer-genie’ or ‘Exergym’ exerciser, a commercial gadget 
consisting of a rope with handles that passed through a cylinder. The resistance to 
pulling the rope could be adjusted. 

“We all did a little bit of exercise almost every day,” said Armstrong after his 
flight. ““We used either isometrics or callisthenics in place, or the Exer-genie. It got a 
little hot and stored a lot of heat, but it was acceptable.” 

Collins elaborated on how their little gadget was dealing with the heat from 
friction. “If you got a good workout on the Exer-genie, it got so hot that you 
couldn’t really touch it.” 

As military test pilots for the most part, these men tended to take their exercise 
seriously in life outside NASA. Collins did daily runs, and Scott and Irwin often 
played handball. Armstrong was the exception when it came to exercising for its own 
sake. As strong, fit individuals, they felt the need to exercise hard, even using the 
spacecraft’s structure, as the Apollo 12 crew related. “The thing we had for 
exercise,” said Gordon, “other than just moving around using the struts and the flat 
areas in the LEB for doing pushups and armpulls or whatever you wanted to do, is 
the Exergym. We all used it on the way out a couple of times a day for maybe a half 
hour each time. I didn’t use it at all coming back. Al didn’t use it coming back 
because the Exergym rope was frayed. Pete was using it on the way back when he 
noticed that fibres were coming loose. So we elected not to use the exerciser at all on 
the way back.” 

Surface crews found that the demands of working on the lunar surface was a hard 
exercise in itself. The CMPs, on the other hand, needed as much extra workout time 
as they could get, as Worden did on Apollo 15. ‘“The Exergym is good for keeping 
some muscle tone,” he said after the flight, ““but I found that there was just no way I 
could get a heart rate established and keep it going. I finally decided on a 
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combination of two exercises. I used the Exergym a little bit, just to keep my 
shoulders and arms toned, and I ran in place. I took the centre couch out and flailed 
away with my legs, just like running in place as a matter of fact.” 

Crews regularly wore biomedical sensors on their skin that allowed the Surgeon in 
mission control to monitor their normal heart rate and breathing, and also while 
they were exercising. “I didn’t say anything to the ground,” continued Worden, “‘but 
the doctors watching the biomeds called up and said, ‘Hey, you must be exercising. 
We can see your heart rate going up.’ And they kept me advised of what my heart 
rate was. It worked out very nicely, I thought, because they could tell you that you’re 
up to 130, going up to 140 (beats per minute). Then I would exercise a little bit 
harder, and true, even though I wasn’t exerting any pressure on anything, just 
moving the mass of your legs around really gets your heart going. As a matter of 
fact, I thought I’d strained some muscles that I had never used before because I was 
just free wheeling my legs and wasn’t exerting any pressure on anything. I found out 
that with the centre couch out, there’s just almost the right amount of room. In fact, 
the same thing could be done up in the tunnel area. You don’t need a whole lot of 
space.” 

Irwin added, “‘We strained against the struts, against the bulkhead, and against 
the straps. This was kind of an isometric form of exercise. I think it’s almost as good 
as the Exergym.” 

Ken Mattingly was not a huge fan of the exercise they had from a practical 
standpoint. “I just can’t believe that the amount of exercise I had justified 30 minutes 
[of my time],”’ he said after Apollo 16. “I really think ’'d have been just as well off to 
just forget the whole thing.” 

When it came to the CSM, Mattingly was regarded as an expert and he felt that 
the spacecraft’s environmental control system (ECS) might not handle the extra heat 
of someone who was really working out: “If you go out there and work up a sweat, 
really do exercise like you ought to, the ECS will not handle that kind of a load. The 
ECS is marginal. It’s designed for three marshmallows laying there. It isn’t designed 
for you to go out and do any exercise. The other thing I worried about was lying 
there and banging into things, because you can’t do any reasonable exercise and 
maintain your body position.” 

Sometimes crewmen exercised so vigorously that the entire spacecraft felt it. 
“Bob, this is Jack,” called Schmitt to Bob Overmyer at the Capcom position. “I’m 
going to try to get a little exercise. I’'d be interested to know how high I can get my 
heart rate just fooling around up here.” 

“Okay, we'll keep you posted, Jack.” 

As Schmitt started exercising, Cernan noticed that the CSM’s barbecue roll was 
deviating. “I just figured out what happened on my PTC, here,” he told Overmyer. 
“With his exercises, Jack is shaking all of America in all three axes.” 

“Roger. He finally got to 115 on the heart rate,” said Overmyer. 

“Yes, the rate needles are bouncing back and forth a half a degree,” laughed 
Schmitt as he watched his movements show on the FDAI needles that indicated rate 
of rotation. 

Even EECOM, watching the spacecraft’s tanks, could see the effects. 
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“17, we’ve got a serious one here,”’ joked Overmyer. ““You might be interested. All 
that exercise banging around in there has destratified tank three Os, so it stirred it all 
up good.” The movement of the spacecraft had achieved the same effect that an 
internal fan had prior to Apollo 13’s explosion. It had disturbed the unwanted 
separation of density layers in the tank. 

“Yes, glad we brought him along then,” returned Schmitt’s colleagues. ““We 
found some use for him.” 


Crossing the equigravisphere 

Between the Moon and Earth, there came a point where the gravity of the 
approaching body became stronger than that of the receding body. When this point 
of gravitational equality was reached, it was customary for mission control, and 
especially those concerned with flight dynamics, to switch their frame of reference 
from one world to another. However, because the Moon itself was in motion around 
Earth, the numbers representing the spacecraft’s speed and position appeared to 
jump. Journalists, more used to figuring out the trajectories of political figures rather 
than those of spacecraft, found it difficult to make sense of this change in the velocity 
figures being fed to them by the NASA public affairs people, and some got the 
impression that a ‘barrier’ was being crossed and that this must surely be felt by the 
crew. 

Mike Collins later related how Phil Shaffer, one of the flight dynamics controllers 
in the MOCR struggled to explain the truth to reporters as Apollo 8 entered the 
lunar sphere of influence: ‘““Never has the gulf between the non-technical journalist 
and the non-journalistic technician been more apparent. The harder Phil tried to 
dispel the notion, the more he convinced some of the reporters that the spacecraft 
actually would jiggle or jump as it passed into the lunar sphere. The rest of us 
smirked and tittered as poor Phil puffed and laboured, and thereafter we tried to 
discuss the lunar sphere of influence with Phil as often as we could, especially when 
outsiders were present.” 

As a homeward-bound Apollo 11 crossed the imaginary line between the 
gravitational spheres of influence of the two worlds, Capcom Bruce McCandless 
called the spacecraft to inform the crew: “Apollo 11, this is Houston. Stand by for a 
‘mark’ leaving the lunar sphere of influence.” He then indicated the moment’s 
passing, ‘““Mark. You’re leaving the lunar sphere of influence. Over.” 

Collins saw a chance for some mischief. ‘““Roger. Is Phil Shaffer down there?” 

The FIDO console was being manned by Dave Reed rather than Shaffer. 
“Negative,” said McCandless, “but we’ve got a highly qualified team on in his 
stead.” 

“Roger. I wanted to hear him explain it again to the press conference,” teased 
Collins. “‘Tell him the spacecraft [definitely] gave a little jump as it went through the 
[equigravisphere].” 

“Okay. I'll pass it on to him. Thanks a lot,” said McCandless, ‘“‘and Dave Reed is 
sort of burying his head in his arms right now.” 

Crews continued to play with this confusion throughout the programme. As 
Endeavour headed home, Capcom Joe Allen let Apollo 15’s crew know they had 
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entered Earth’s sphere of influence. “Be advised at my mark, you are leaving the 
sphere of lunar influence; and it’s downhill from here on in... Mark!” 

“Roger, Thank you, Joe,” replied Scott. ““That’s nice to know.” 

“Did you notice anything there, Dave? Discontinuity in velocity or anything like 
that?’ teased Allen. 

“Well, Joe,” returned Scott. ““That’s one of the mysteries that we’ll probably have 
to keep to ourselves.” 

“T was afraid of that,” replied Allen. 


RCS consumable management 

Although the Apollo spacecraft was a truly amazing machine for its time, it was, in 
many ways, extremely marginal. Only by the very careful husbanding of all the on- 
board consumables could a mission be completed. There was little room for error or 
excess. However, it was sometimes difficult to measure how much of a resource was 
being consumed. Hydrogen and oxygen were relatively easy. The tanks had sensors 
to directly measure quantity, the flow of these two elements to the fuel cells was well 
understood and the power produced was related to their consumption. If power was 
being produced as expected, then the amount of water available for cooling, food 
and drinking would be well known. Oxygen flow for the cabin air supply was also 
directly measured. 

The propellant for the RCS thrusters presented a greater problem and illustrated 
some of the indirect techniques used by flight controllers to understand how much 
remained — for like so many systems on Apollo, the functioning of these little engines 
was crucial to the correct execution of the flight. Propellant quantity was not directly 
measured because this is always difficult to do in weightlessness. 

Instead, controllers used every form of data available to them to make estimations 
of usage. The tanks contained the fluids within bladders to ensure that only liquid 
was expelled to the thrusters. As propellant was consumed, the space between the 
bladder and the tank walls was filled with helium that applied pressure for expulsion, 
and as this volume increased, the helium pressure reduced. Also, every thruster firing 
was telemetered to Earth to enable the usage for each quad cluster to be summed. 
However, techniques such as these gradually accrued errors which became greatest 
towards the end of the mission, just when controllers wanted to know the quantities 
remaining most accurately. 

Controllers made use of the fact that each quad cluster had a primary and a 
secondary pair of tanks — four tanks in all — and that the secondary pair constituted 
39.5 per cent of the total available. Therefore, by switching across to the smaller 
tanks at some point, they got a data point which they knew was a precise value for 
how much propellant remained available to that quad. In order to avoid running the 
primary tanks empty, this ‘crossover’ was carried out when the total remaining had 
been calculated to have reached 43 per cent. It provided an accurate measure to work 
from in continuing to plot the quantities for the remainder of the mission. 
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A WALK OUTSIDE: EVA 


On the day after TEI, the J-mission command module pilots took centre stage. The 
SIM bay cameras used long lengths of photographic film stored in large cylindrical 
magazines. These were still in the service module and that would be discarded in a 
few days time to burn up and be destroyed in Earth’s atmosphere. The film 
therefore had to be brought into the command module’s cabin, the only part of the 
spacecraft that would survive re-entry. To bring it in, the CMP had to perform a 
spacewalk. 

Extravehicular activity (EVA) is the name NASA gave to what everyone else calls 
walking in space, or on the Moon. At the time of Apollo, it specifically referred to 
time spent in a spacesuit when the air pressure outside the suit could no longer 
sustain life. It was another of those essential techniques for Apollo that NASA had 
learned during the Gemini programme. 

Edward White, on Gemini 4, was the first NASA astronaut to leave his 
spacecraft. Part of his brief was political: America wanted their spacewalking 
astronaut to stay out longer than Alexei Leonov had done for the Soviets a few 
months earlier. White floated on the end of his umbilical and gingerly tried various 
techniques for moving around outside a spacecraft. Apart from some exertion while 
getting back into the cramped cockpit, White made EVA appear easy. 

When Eugene Cernan attempted to don a jet-powered back pack on Gemini 9, he 
was the first to attempt to do substantial work during EVA. Cernan quickly found 
how difficult it was to maintain control of body position in a completely Newtonian 
environment. The slightest twist, turn or push against the spacecraft would send his 
mass flailing away from where he wanted to go. Soon, the stress of his exertions 
began to take a toll on him, and because the suit could not cope with the heat he was 
generating, his visor began to fog up on the inside. When he was exhausted, he was 
called back by his commander, Tom Stafford. Almost unable to see through his 
visor, he drew himself hand over hand along his umbilical back to the hatch. Re- 
entering the cabin proved to be even more terrifying, as the two crewmen, their suits 
stiff with the air pressure within, battled to get Cernan far enough down into his seat 
to be able to shut the hatch over his head. 

In the light of what could have been a horrifying incident, NASA began to treat 
EVA very seriously indeed. During the final three flights of the Gemini 
programme, Mike Collins, Dick Gordon and Buzz Aldrin refined the techniques 
needed to work efficiently and safely outside a spacecraft. Handholds and foot 
restraints were added, a methodical approach was taken to all the movements 
needed for the EVA, and an underwater training facility was developed to simulate 
weightlessness. 

For all the experience that was gained on Gemini, little actual EVA time was 
logged during the Apollo Moon programme in terms of a crewman floating outside 
the hatch of a weightless spacecraft. A lot of outside activity was logged on the 
Moon, but this was in a one-sixth g environment that the crews found very pleasant. 
During the Earth orbit operations on Apollo 9, David Scott and Rusty Schweickart 
made tentative forays out of their CM and LM respectively: Scott just putting his 
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head and shoulders out of the CM hatch while Schweickart egressed fully and placed 
his feet in so-called ‘golden slipper’ foot restraints on the LM’s porch for a test of the 
life-support back pack that the crews were to use on the Moon. 

From Apollos 10 to 14 no crewman left the CM hatch for an EVA, although all 
crews trained for the possibility that, in the event of a docking problem, they might 
have to transfer from the LM to the CM via an EVA through the side hatches of 
both vehicles. When spacewalking finally returned to Apollo on the last three 
missions, it was something special. When Alfred Worden, Ken Mattingly and Ron 
Evans went to retrieve film magazines from the SIM bay they became the only 
humans to have performed an interplanetary EVA. 

Preparation for the EVA took a considerable amount of time because the 
spacecraft was packed with boxes of rock samples from the lunar surface. Also, three 
crewmen had to get suited up in the confined space of the CM, each methodically 
helping the other to check the integrity of his suit. Oxygen for all three men came 
from the spacecraft’s suit circuit with a particularly long umbilical being required to 
enable the CMP to get to the SIM bay. This made for a cluttered cabin with gloves 
and helmets floating among loops of hoses while three astronauts clambered into 
cumbersome spacesuits, two of which, after 20 hours of work in the dust and dirt of 
the lunar regolith, were extremely dirty. 

The CMP carried an additional emergency supply of oxygen from a package his 
crewmates had brought back from the Moon. The oxygen purge system (OPS) 
normally sat at the top of a crewman’s PLSS back pack when used on the lunar 
surface. Its function there was to act as a standby in case of a failure of the suit or 
the PLSS. If a hole were to open up in the suit or a problem were to occur with his 
oxygen supply, the OPS could supply oxygen from very high pressure tanks that 
would give the crewman extra minutes to deal with the situation. Although the 
back packs were jettisoned on the surface, the OPS were returned with the surface 
crew in case they had to support an EVA from the LM to the CSM. One of the OPS 
was transferred to the CSM to give their colleague an emergency supply during his 
EVA. 

A television camera and a 16-mm movie camera were mounted on a pole which, 
once the hatch door was fully open, was inserted into a receptacle in the door so that 
the EVA could be filmed and Houston could watch a live view of its progress. The 
spacecraft’s attitude was changed so that the Sun shone obliquely across the SIM 
bay, but not directly into the cabin. All of the RCS thruster quads were then 
disabled, except for the one opposite the SIM bay so that minor rotational 
manoeuvres could still be carried out while the CMP was outside. 

When all the crewmembers were safely sealed into their suits, the air in the cabin 
was expelled to space by opening a valve in the main hatch. Then, once the internal 
pressure in the cabin had dropped to a very low level, the hatch was opened, venting 
the last wisps of gas. 

“Okay, Houston. The hatch is open.’’ Cernan was now in command of his own 
mission, Apollo 17, and an EVA expert himself. He kept a close eye on his two 
rookie crewmen, Jack Schmitt and Ron Evans. Schmitt’s role on the EVA was to 
stand in the hatch and keep an eye on Evans, look after the umbilical and take the 
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film magazines from him, passing them in to Cernan. Evans was going to manoeuvre 
himself along the side of the service module. 

“‘Hey, there’s the Earth, right up ahead,” said Evans as he positioned himself in 
the hatch. ‘The crescent Earth.” 

“Okay, Ron. You’ve got a Go for egress,”’ informed Cernan. 

“Beautiful,” replied Evans. 

“Okay, and just take it slow,” said Cernan, speaking from experience. 

The door shielded the hatchway from the Sun. “Man, that Sun is bright,” said 
Evans as he cleared the door. He was wearing a Junar extravehicular visor assembly 
(LEVA) that had been worn by one of his colleagues on the Moon and brought with 
them in the ascent stage. 

“Pull down that visor, Ron. You’re going to need it,”’ advised Cernan. 

“Yes.” 

“Youre a long way from home. We don’t want to lose you.” 

The LEVA went over the crewman’s clear helmet to provide additional protection 
from the light and heat of the Sun, and as an extra shield against micrometeorites. It 
included two visors that could be pulled down if needed. The inner visor was clear 
for additional ultraviolet blocking. The outer visor was coated with an extremely 
thin layer of gold to reject both light and heat. This gold visor has become part of the 
astronaut’s iconography, being seen in all the most famous images showing a man on 
the Moon. 

On Apollo 16, it was Ken Mattingly who made the EVA to the SIM bay. “Okay. 
How about if I get rid of the jett bag first?’’ One of the first tasks was to throw out 
the trash. All the disposable items they could find were packed into one bag that was 
jettisoned by gently pushing it into deep space, probably to enter Earth’s atmosphere 
and burn up a few days later. 

“Bye-bye, bag. Okay. Okay, I'll go out and get the TV.” 

As Mattingly squinted in the Sun, he reminded Charlie Duke to bring down his 
visor too. “Ooh! Charlie, you’ll need the outer visor as soon as you get into the 
hatch.” 

Mattingly manhandled the coils of his umbilical out of the hatch then put the 
camera pole into its receptacle in the door. He then worked his way along the 
handles, hand over hand, to the SIM bay, inspecting the side of the service module as 
he went. Training had shown that the best way to reach the bay was to move along 
the service module until hovering above the instruments, then use the handholds 
around the bay to get into the correct position to engage the feet in a restraint. Once 
there, Mattingly glanced towards where the spacecraft was pointed and caught sight 
of the Moon with most of its disk illuminated by the Sun. 

“Oh, man. Man, the old Moon’s out there. Okay, going after the pan camera. 
Okay, here comes the hard cover — gone.’’ He threw the outer metallic cover of the 
camera cassette away, then removed the soft, inner cover that was held on by Velcro 
and discarded this too. “Soft cover has gone. Okay, I’m going after the hook.” He 
attached a tether to the magazine as the Sun beat down from his right making him 
glad he was wearing Young’s LEVA. “Boy, that old visor of yours — that outer visor 
on the glare shield really comes in handy.” 
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Diagram of the manoeuvres the CMP had to make to reach the SIM bay. (NASA) 


Mattingly continued to remove the giant cassette. ‘““The pip-pin is out, and I’m 
throwing it away. Okay, get my feet out. There’s one. There’s two. Okay.” As soon 
as his feet came free, he involuntarily rotated as if he were doing a handstand on the 
spacecraft and had to pull himself back in with his hands. With the magazine 
tethered to his wrist, he manoeuvred across the module towards Duke in the hatch 
and passed the heavy object across for Duke to send through to Young inside. 
Mattingly had another job to do while outside. He was to expose an array of test 
chambers containing microbes directly at the Sun for 10 minutes. This was an 
ultimately inconclusive experiment to determine the effect of the space environment 
on microbial growth. 

As Mattingly sat astride the service module with his back to the hatch, Duke 
caught sight of Mattingly’s wedding ring tumbling in the strong sunlight. It had been 
lost earlier in the flight and they had been unable to find it among the cabin’s many 
nooks and crannies. By the time he thought to retrieve the ring, it had floated out of 
his reach and on into the void of space. Duke thought it a shame the ring would be 
lost forever but elected to say nothing of it to his crewmates because they had other 
things to concentrate on in this hostile environment. Yet of all the directions the ring 
could have taken away from the command module, Duke was astounded to see that 
it was headed directly for the back of Mattingly’s head. He then watched in 
fascination as it bounced off the LEVA and began a perfect Newtonian path back 
towards the hatch. Duke was not to be foiled a second time. As soon as the ring came 
within range, he carefully grasped it. 

“Guess what I caught floating out the hatch?’ said Duke, gleefully, if somewhat 
misleadingly. 

““What’s that?” asked Mattingly. 
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Ron Evans returning along the side of the Apollo 17 SM with the cassette from the 
mapping camera in tow. (NASA) 


“A ring.” 

“Oh, is that right?” 

“Yeah. I think it’s yours,” laughed Duke. “In fact, it had already gone out and hit 
you and was coming back when I caught it.” 

“Boy, how’s that for luck?” laughed Mattingly 

When Ron Evans got his opportunity to go outside his CSM America and retrieve 
the film cassettes, no one could have been happier about it than he was. Throughout 
his EVA, he hummed and chatted with a boyish delight. Working away outside the 
spacecraft, he waved at the camera. 

“We see you waving,” informed Houston. 

“Hey, this is great!” said Evans, his voice up an octave in the joy of being outside 
of the cramped cabin where he had been for over 10 days. “Talk about being a 
spaceman? This is it!”’ 
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Evans took a look at the damage that the SM skin had sustained during the flight. 
“Okay. Beautiful! Hey, the paint on here — it’s a silver paint and it’s just got little 
blisters on it. You just kind of peel it off with your fingers.’ Then he described his 
position between the two worlds. “I can see the Moon back behind me! Beautiful! 
The Moon is down there to the right — full Moon. And off to the left, just outside the 
hatch down here, is a crescent Earth.” He noticed how the atmosphere scattered the 
sunlight towards the night side, extending the crescent. “But the crescent Earth is not 
like a crescent Moon. It’s got kind of like horns, and the horns go all the way 
around, and it makes almost three-quarters of a circle.” 

Having manoeuvred into the correct position, he tried to settle into the golden 
slippers. “Okay, I’m having a little trouble, right now, just torquing down to get my 
foot in the foot restraint, for some reason. Okay, the right one’s in. And the left one’s 
in. Hey, pretty stable right here. Let go of both hands? See?” 

Happy as he could be, he went after the radio sounder’s cassette. “Okay, let’s try 
the old cassette. We’ll push down on it until it goes past centre. Ah-ha! I think that 
was more than [the expected] two pounds of force to come out, but it came out. And 
I’ve got the film.” 

He brought the cassette to Schmitt and then returned for the panoramic camera’s 
film, all the time revelling in the experience. 

“Houston, this is — Let’s see, when you’re EVA, they use your name, don’t they?” 
He wasn’t simply ‘17’ now. 

“Okay, Ron,” humoured Houston. “Yes, sir, we’ll use it, Ron.” 

“Houston, this is Ron, okay?’ announced a gleeful Evans. “You hear me okay, I 
guess, huh?” 

“Roger, Ron,” replied Houston. “Read you loud and clear.” 

“Okay,” laughed Evans. ‘“‘Oh, this is great, I'll tell you!” 

“Yes, we thought it was Mr. America.” With a pun on the name of the CSM, 
Houston was gently mocking him, but in his happiness he took it in good heart. 

“Well, it is. Something like that. Oh, boy! Beautiful Moon! Full Moon down 
there. I can see the engine bell sitting back here. That’s a pretty good-sized thing, too. 
And, of course, the VHF antenna is still sticking out there.”’ 

Evans held up the panoramic camera’s thermal cover for Houston to see. “Can 
you see that? The thing I’m holding up. It’s the cover that’s on the outside of the pan 
camera. It’s a thermal cover, see, that covers up the cassette.” 

“Roger. Yes, we see it, Ron,” confirmed Houston. 

“Whooooee!”’ laughed Evans as he tossed the cover past the camera’s field of 
view. 

Houston noticed. “We just saw that cover.” 

Humming away to himself, Evans attached the magazine to his wrist and pulled it 
free. “Out she comes. Nice and easy. This is a heavy son of a gun. Not heavy up here; 
it just has a lot of momentum to it. Once she starts pulling in one direction, it just 
takes a lot of force to stop it.” 

As he hand-walked his way along the handholds, he noted how the heavy object 
moved. “Hey, it’s just kind of coming along with me. I’ll just let her do that. Hey, 
she’s just floating there. That’s good. Nice and slow, because you don’t want that 
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thing banging around too much up there, I don’t think. That’s the way it ought to be 
done, isn’t it?” 

Evans passed the cassette to his colleagues and returned to the SIM bay for the 
mapping camera cassette. As he did, he found that he was becoming used to the 
mechanics of getting around in space, and decided to go back down to the SIM bay 
by aiming his feet directly for the restraint. ““You know, Ill just go backwards down 
there.”” He hummed away to himself as he shimmied down the spacecraft. 

“That’s an unorthodox way to enter the SIM bay, but it works. Once you get your 
feet in there, you almost feel like maybe they might come out, you know,” he 
laughed. “So I’m not sure you really trust them. The right foot’s in good and tight. 
Hello, Mom!” 

“We see you, Ron. Looking great,” called Houston. The MOCR were enjoying 
the show too. 

Evans then called to his children. “Hello, Jan. Hi, Jon. How are you doing? Hi, 
Jaime. Let’s see, ’'m supposed to rest, though, aren’t I? What would you like to 
know about the SIM bay? Looks great.” 

When compared to the light-hearted and longer EVAs by Mattingly and Evans on 
the later flights, Al Worden’s foray to the SIM bay on Apollo 15 was a fast, efficient 
affair where, although he enjoyed the 
experience, he wasted little time on 
the view. However, as he started to 
bring the mapping camera’s cassette 
towards the command module, he 
paused to look at Irwin standing in 
the hatch: “Jim, you look absolutely 
fantastic against that Moon back 
there. That is really a most unbelie- 
vable, remarkable thing.” Worden 
had no camera with him to record 
this unique interplanetary view, but 
after they returned to Earth, artist 
Pierre Mion carefully reproduced the 
scene in a painting. 

When Worden had finished off by 
making an examination of the SIM 
bay on Houston’s behalf, he and 
Irwin got back into the cabin, took 
the camera pole with them and closed 
the hatch. As they waited for Endea- 
vour’s cabin to repressurise, Scott 
remarked how quickly Worden had 
undertaken the EVA. “You should 
have stayed longer.” Perhaps Scott 
Pierre Mion’s recreation of Al Worden’s view was aware of how much time he had 
towards Jim Irwin and the Moon. spent outside on the Moon’s surface, 
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and here was his colleague’s chance to feel the exhilaration of spacewalking, yet he 
spent less than half an hour outside. But Worden, like so many crewmembers, 
brought an entirely businesslike attitude to his work. On one level, it would have 
been nice to have got the job done then spend a little time just enjoying the view and 
the experience. On the other hand, he was in a situation that had many possibilities 
for danger, where a technical problem could quickly develop into a life-threatening 
scenario. 

The cabin was repressurised from a rapid repressurisation system consisting of 
three small oxygen tanks that had been topped up prior to the EVA. These were now 
emptied into the spacecraft. Also, the oxygen from the OPS tank was bled out to add 
to the pressure. The next time the door was opened, the command module would be 
sitting on the waters of the Pacific Ocean. 


15 


Re-entry 


A FIERY RETURN 


Arguably the most audacious feature of an Apollo flight was to have the crew re- 
enter Earth’s atmosphere in the manner that they did. In the final minutes of a 
mission, a lump of metal and plastic, three crewmen and a few dozen kilograms of 
moonrock, altogether weighing nearly six tonnes, came barrelling in from outer 
space at speeds approaching 11 kilometres per second as Earth’s gravity hauled them 
in. As it entered, the air in front of the blunt end of the command module was 
brutally compressed in a shock wave that generated temperatures approaching 
3,000°C. All that stood in the way of the crew being incinerated by this extraordinary 
heat was a coating of resin and fibreglass that NASA’s engineers reckoned could 
withstand the punishment. 

In truth, the heatshield that surrounded the Apollo command module was very 
conservatively engineered for two main reasons. When the spacecraft’s design was 
frozen, engineers still had a poor knowledge of how the superheated air of re-entry 
would flow around the upper walls of the spacecraft. Although this surface did not 
bear the brunt of the heat, they decided to cover almost all of the hull with the 
heatshield material. Additionally, the original specifications had required that the 
shield should tolerate a much longer passage through the atmosphere, 6,500 
kilometres, than ever proved necessary. The command modules that returned from 
the Moon typically flew for only about 2,200 kilometres through the atmosphere, 
which nearly halved the overall amount of heat the shield had to endure. In 
practice, although the heatshield took a lot of punishment across its curved aft 
section, much of its conical surface was barely singed by re-entry. Even the 
reflective Kapton tape that had been glued to the spacecraft’s exterior for thermal 
control in space was usually found to be still adhering to much of the hull. On 
recovery, pieces of Kapton were occasionally peeled off by those in attendance and 
kept as souvenirs. 


W.D. Woods, How Apollo Flew to the Moon, Springer Praxis Books, 465 
DOI 10.1007/978-1-4419-7179-1_15, © Springer Science+Business Media, LLC 2011 
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Heatshield: sacrificial surface 

Heatshield designs for Apollo originated in the re-entry vehicles that were developed 
in the 1950s for nuclear warheads. These weapons were launched on ballistic arcs out 
into space by large rockets to increase their speed and minimise delivery times. 
However, their elaborate mechanisms had to negotiate the great temperatures 
generated by re-entry and so they were protected inside a vehicle whose outer wall 
included some form of heatshield. Initially heat sinks were used, but development of 
this Cold War technology led to the use of ablative materials for warheads and this 
technique was used for many spacecraft heatshield designs, including Apollo, until 
the introduction of advanced ceramics such as those used in the Space Shuttle and 
the planetary probes of the 1990s and beyond. NASA’s return to the Apollo style of 
spacecraft in the early 21st century, known as Orion, also saw a return to the same 
ablative material for its heatshield. 

The ablative heatshield works by allowing itself to succumb to the enormous heat 
of re-entry. As it does so, it slowly chars and peels away, or ablates from the shield, 
taking heat with it and revealing a fresh surface to continue the ablative process. As 
long as the thickness of the shield is greater than the depth of erosion caused by re- 
entry, the heatshield will function properly. 

The command module heatshield was made from shaped sections of steel 
honeycomb sandwich, which provided a substructure onto which a fibreglass 
honeycomb was bonded. There were over a third of a million cells in a complete 
CM heatshield, and each was carefully filled by hand with a reinforced epoxy resin 
using a specially designed squirt-gun. After curing and inspection, any imperfectly 
filled cells were carefully drilled out and refilled. The heatshield came in three 
sections: the aft shield was up to seven centimetres thick and took the brunt of the 
re-entry heat; the centre shield tapered between four and two centimetres and 
covered most of the conical surface; the forward shield or apex cover completed the 
taper and was wrapped around the upper cone of the hull where the parachutes 
were stored. Each was shaped on large lathes to the correct thickness and 
rechecked before being affixed around the internal structure of the command 
module. 


Flying without wings 

The first generation of manned spacecraft — for example, the American Mercury and 
the Soviet Vostok ships — were designed to re-enter the atmosphere in a purely 
ballistic fashion. Once they were set on their Earthward trajectory, they had no 
ability to change their flight path and steer towards a landing site. Later generations 
of spacecraft like Gemini and Apollo, and the Soyuz, could fly in a controlled 
manner even without wings. 

Although the Apollo command module had a symmetrical shape, its internal 
weight distribution was deliberately offset to place its centre of mass towards the 
crew’s feet. This made it adopt an aerodynamically stable attitude that leaned to one 
side as it ploughed through the atmosphere because the lighter side of the spacecraft 
tended to succumb to the atmospheric drag to a greater extent. Such a lopsided 
presentation to the hypersonic airflow turned the stubby spacecraft into a crude 
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wing, giving it the ability to generate lift in a direction towards the crew’s feet. 
Therefore, simply by performing a roll manoeuvre, the spacecraft could aim this Jift 
vector in any direction perpendicular to the flight path which allowed the re-entry to 
be flown in a controlled manner, usually by the computer. 

This term, ‘lift vector’ can be confusing as it is borrowed from the aeronautical 
world where it is applied to a wing’s ability to provide a lifting force. But just like an 
aerobatic aircraft that rolls and loops, that force can be in any direction 
perpendicular to the airflow. It is perfectly possible for the direction of the so- 
called ‘lift? to be downwards, towards Earth. If the spacecraft was a little high in the 
re-entry corridor and was going to overshoot the landing site, the roll thrusters could 
fire to turn the spacecraft around to a heads-up attitude and aim the lift vector 
towards Earth. This would force it into a lower flight path where the thicker 
atmosphere would reduce its speed further. The meagre lift that such a poor wing 
could generate was amplified by the huge speed of re-entry to the extent that, for a 
few minutes, the spacecraft would typically fly at about a constant 60-kilometres 
altitude and, in some cases, even manage to rise away from Earth. 


The path to Earth 

The path of an Apollo spacecraft from the Moon to Earth began with the trans- 
Earth injection burn around the Moon’s far side. This set the spacecraft on an S- 
shaped trajectory which, had Earth not possessed an atmosphere, would have caused 
the spacecraft to loop around at an altitude of about 40 kilometres before returning 
to deep space on a very long elliptical orbit. Of course, Earth does have an 
atmosphere and any spacecraft on a trajectory with a 40-kilometre perigee is bound 
to plough into its gases where the immense kinetic energy will be dissipated as heat. 


Moon at 
TEl+2 days 


Moon at 
TEl+1 day 


Re-entry 


Moon at 
TEI-1 day 


Moon at 
TEI-2 days 


Diagram of Apollo’s trajectory from TEI to re-entry. 
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If the spacecraft were to penetrate deeply enough into the atmosphere to lose the 
momentum needed to return to space, then providing that it has appropriate 
protection it will instead reach the surface. The return trajectory of the Apollo 
spacecraft was designed to achieve this in a highly controlled manner. 

A modification of this technique is commonly used by unmanned spacecraft as a 
means of arrival at other planets. The conventional technique is to slow from 
approach velocity to orbital velocity by the consumption of a large quantity of 
propellant in a long burn. However, substantial weight savings in propellant can be 
made if the spacecraft carefully dips into the upper reaches of a planetary 
atmosphere, where it can lose small increments of velocity. The initial insertion 
burn can then be much shorter and the resulting mass reduction will also reduce 
overall mission costs by enabling the spacecraft to be launched by a smaller, 
cheaper rocket. 

If Apollo’s targeted perigee were too low, the entry angle would be steeper than 
ideal. This would increase both the heat impulse that the heatshield had to deal 
with and the deceleration forces that the crew would have to endure. It would also 
tend to shorten the entry flight path — perhaps by more than the CM’s flight 
characteristics could compensate, forcing a landing short of the planned point. In 
the extreme case, it would be lethal, either by excessive g-load or by incineration. A 
higher than ideal perigee, and hence a shallower angle, would result in a longer 
entry path and lower g-forces, but at the risk of the spacecraft failing to shed 
enough energy to enable it to be captured before it re-emerged from the 
atmosphere to coast out into space on a long elliptical orbit. Since the solo 
command module had no means of propulsion and very limited supplies of power 
and oxygen, failure to be captured by Earth’s atmosphere at the first attempt 
would be fatal for the crew. 


Rising speed 

The velocity of a homeward-bound Apollo spacecraft was quite low during much 
of its coast. It dipped to a minimum of about 850 metres per second at the point 
where Earth’s gravity overcame that of the Moon. As the spacecraft continued to 
approach, the increase in its velocity was painfully slow until the final few hours of 
the mission when Earth’s increasing pull ramped it up markedly. For example, on 
a typical mission it would take over two days for the velocity to rise to half its 
highest value, yet it took less than two hours to make up the other half. This steep 
increase simply reflected the fact that the spacecraft was falling into a deep gravity 
well. 

It was during the final hours of the flight that mission control had the last of their 
seven planned opportunities to carefully track the spacecraft, refine their knowledge 
of its trajectory and have the crew adjust the approach velocity for a perfect entry. 
On some flights, guidance was so good that this mid-course correction was not 
required, while on others only a very minor firing of the RCS thrusters was needed to 
correct for earlier unbalanced thrusting or the tiny thrust imparted when gases and 
liquids were vented from the spacecraft. 
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Diagram of the approach flight path towards and through Earth’s atmosphere. 


Definitions: entry interface and the 0.05-g event 

To aid their calculation of the spacecraft’s entry trajectory, mission planners adopted 
a height of 400,000 feet or 121.92 kilometres, at which the returning command 
module was deemed to have left space and begun re-entry. This was entry interface. 
The Retro flight controller’s task was to shape their approach trajectory to ensure 
that when they reached this altitude, the flight path would form an angle to the 
horizontal of 6.5 degrees, with a leeway of about 1 degree to help to cope with 
weather or unfavourable trajectory conditions. 

Entry interface, while being handy for the trajectory analysts, was an entirely 
arbitrary point that had little to do with the real atmosphere and its properties. It 
was therefore of little use in the conduct of the re-entry itself because it did not take 
into account the variations that the outer atmosphere would present to the 
spacecraft. A means of referring to the physical atmosphere was required to aid 
coordination and timing, something that meant the spacecraft had truly entered the 
atmosphere. NASA chose the moment when the tenuous gases of the upper 
atmosphere exerted a drag equivalent to 0.05 g. When the spacecraft’s acceler- 
ometers detected this level of deceleration, they signalled to the relevant 
instrumentation that re-entry was underway. Most aspects of the entry were 
measured with respect to this 0.05-g event. For the sake of calculation prior to entry, 
just as for entry interface, it was taken to occur at an altitude of 90.66 kilometres. 
When it was reached, two important things occurred: the computer began to fly the 
re-entry, and the entry monitor system (EMS; of which more later) began to monitor 
the progress of the flight path. 


IN WE COME: ENTRY FROM START TO FINISH 


The first operational step in preparation for re-entry occurred a few hours out, when 
the crew stopped the spacecraft from slowly spinning on its long axis in the so-called 
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barbecue mode for the final time. The time remaining in space no longer warranted 
the protection provided by this passive thermal control rotation. Once he had control 
of the spacecraft’s attitude, the CMP had a final chance to practise his techniques of 
navigation, partly in case communications were lost and the spacecraft had to make 
its approach without assistance from Earth, but mostly to provide yet another data 
point for engineers about the crew’s ability to fly autonomously. Prior to his exercise, 
he carried out his penultimate platform realignment. 

On those later advanced missions that carried a SIM bay in the service module, 
the crew powered it down for the last time before the final correction burn 
opportunity. As the film canisters had long since been extracted from the cameras, 
only a few instruments were still operating and, even then, they were only looking at 
deep space. Those mounted on the end of 7-metre-long booms were retracted except 
during the Apollo 15 mission when the booms were jettisoned — probably as an 
engineering test of that capability on their first outing. 


Entry communications 

Much of the communication between Earth and the spacecraft during a flight was 
carried out using the S-band communication system, either through the directional 
high-gain antenna soon to be discarded along with the service module, or through 
one of the four omnidirectional antennae around the command module’s periphery. 
However, during re-entry the spacecraft would be travelling at high speed, relatively 
close to the ground and below the horizon of the major S-band stations. Also, as it 
entered, it would roll regularly from side to side to steer a course towards the 
recovery forces. 

As the directional nature of S-band communications made it impractical for use 
during entry, the CM reverted to the shorter range VHF radio that had been used by 
earlier Earth-orbiting missions and was used for communication with the lunar 
module during operations around the Moon. This enabled them to talk to mission 
control via ARIA communications aircraft deployed along the ground track, and 
later directly to the recovery aircraft carrier and its associated helicopters. In 
preparation for this, the VHF communication system was powered up to enable it to 
be tested when the spacecraft came within range. 


THE ENTRY PAD: A WORKED EXAMPLE 


As was done before all major manoeuvres performed during the flight, and with over 
four hours remaining to the landing, Capcom read up a PAD to the crew — a large 
list of numbers and notes that, in this case, defined the parameters of re-entry for the 
crew and the computer. This list included checks to be made of their attitude; and the 
times, angles and velocities to be expected at various points along their trajectory. 
Much of the information was to be fed into the computer and the EMS so that this 
equipment could be properly initialised prior to entry. 

In April 1972, rookie astronaut and Capcom Henry Hartsfield made a call to 
Casper, the returning CSM of Apollo 16, to pass up a preliminary version of their re- 
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entry details. They were only 4.5 
hours away from splashdown yet 
they were still 63,000 kilometres 
out. “Apollo 16, Houston. Have an 
entry PAD for you.” 

“Okay. Go ahead with the PAD,” 
replied mission commander John 
Young. 

Hartsfield then launched into the 
long, monotonous, yet precise string 
of digits and comments that would 
bring the crew safely to Earth. 
“Okay, MidPac; 000 153 000 
2900632 267; minus 0071, minus 
15618...” As with previous PADs, 
there was no punctuation. Confu- 
sion was only avoided by the pro 
forma sheet onto which the informa- 
tion was copied, along with the 
crew’s experienced expectation of 
what each number was likely to be. 

Hartsfield continued: “069 36196 
650 10458 36276 2902332 0027 Noun 
69 is N/A; 400 0202 0016 0333 0743; 
sextant star 25 1515 262; boresight 
N/A; lift vector UP. Use non-exit 
EMS; RET for 90K, 0606; RET 
mains, 0829; RET landing, 1321; 
constant-g entry, roll right; Moon- 
set, 2902026; EMS entry, reverse 
bank angle at 20,000 feet per sec- 


Young then read it all back to Hartsfield to check he had made no mistakes. This 
is what the PAD meant: 

The planned landing area was in the mid-Pacific Ocean — MidPac — as distinct 
from the Atlantic or Indian Ocean. With the Earth making a complete revolution 
once every 24 hours, it was straightforward to target the spacecraft to land in any of 
these bodies of water, just by altering the timing by a few hours. NASA was very 
particular in ensuring that everyone knew what the planned landing site was. 

By the time of the re-entry, the guidance platform would already be aligned with 
an appropriate orientation known as the entry REFSMMAT, so the next set of 
digits, three groups of three — 000 degrees, 153 degrees, 000 degrees — defined the roll, 
pitch and yaw of the CM’s attitude at the 0.05-g event with respect to that 
orientation. The careful choice of the platform’s orientation is shown by the zero 
values for roll and yaw. The figure for pitch reflected the desire to present the 
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spacecraft to the atmosphere in the attitude it would naturally adopt with its biased 
centre of mass in their current heads-down attitude. 


Entry REFSMMAT 

A brief recap of the REFSMMAT might now be appropriate. The computer’s idea 
of the direction in which the spacecraft was pointed was always given with respect to 
the orientation of the stabilised platform inside the IMU. However, to make any 
sense, the platform itself had to be aligned to some known reference — one that was 
related to the universe around the spacecraft. The REFSMMAT numbers defined 
such an orientation in space to which the guidance platform could be aligned. Flight 
controllers could choose this orientation arbitrarily to suit the mission’s operational 
needs. 

For re-entry, an orientation was chosen that would help the crew to make sense 
of their 8-ball displays, essentially turning them into artificial horizons that would 
show attitude relative to the ground below. It was based on the point of entry 
interface, whereby the x axis was aligned along the azimuth of their flight path but 
parallel to the horizontal plane. The z axis was parallel to a vertical line at the point 
of entry interface. In other words, at entry interface, the z axis would be pointing 
towards the Earth’s centre. By default, the y axis was aimed to the right of the 
flight path. The upshot of this arrangement was that at entry interface, if the 
heatshield was presented exactly forward and the crew heads-down, the FDAI 
display would read 0 degrees for roll, 180 degrees for pitch and 0 degrees for yaw. 
In this way, the display was much easier to interpret. Of course, for re-entry, the 
heatshield did not face exactly forward but was tilted towards Earth so that the 
FDAI would display 153°. 

Returning to the entry PAD, the next two items were related to the first of many 
checks of their attitude and trajectory. This check would be made at 290 hours 06 
minutes 32 seconds into the mission, 17 minutes prior to hitting the atmosphere. It 
did not require any fancy instru- 
ments. All that was required was 
for the crewman in the left couch, 
in this case CMP Ken Mattingly, 
to look out of the rendezvous 
window in front of him and see if 
Earth’s horizon aligned with a set 
of angle marks inscribed on the 
window. The spacecraft’s pitch 
angle at this time should be 267 
degrees. A leeway of 5 degrees 
was allowed. 

The next two items referred to Z 
the latitude and longitude of the Entry interface 
planned point of splashdown. 

Apollo 16 was targeted to land Diagram to show the orientation of the entry 
00.71 degrees south of the equator © REFSMMAT. 


Splashdown 
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and 156.18 degrees west, a point about 2,200 kilometres south of Hawaii, near 
Christmas Island. In the event, it landed about 4.5 kilometres west of this point. 

Even though the approach into the atmosphere was quite shallow, the crews had 
to sustain quite high deceleration forces as the CM rammed into the air. Most 
returning crews endured a peak force of about six g. The Apollo 16 crew were 
warned to expect a peak force of 06.9 g. Records show that their deceleration peaked 
at 7.19 g, the highest for any Apollo crew. 

When the spacecraft reached entry interface, the arbitrary altitude where re-entry 
was said to begin, it was expected to be at the extraordinary velocity of 36,196 feet 
per second or slightly over 11 kilometres per second (11.033 kilometres per second to 
be exact). At this point, Retro believed the flight path would form an angle of 6.50 
degrees to the horizontal which was considered ideal. Subsequent analysis showed 
that the flight path angle was actually 6.55 degrees, well within the 1-degree tolerance 
allowed for re-entry. 

The spacecraft was expected to travel /,045.8 nautical miles from the time the 
guidance system sensed 0.05-g switch until landing on the ocean, a distance of nearly 
2,000 kilometres. 

Another velocity value of 36,276 represented, in feet per second, how fast they 
believed the spacecraft would be travelling when the 0.05-g point was reached. As 
well as going into the computer, this number and the previous item went into the 
EMS, which allowed them to choose to monitor either velocity to be lost or distance 
still to travel. Note that the value given here was slightly higher than that quoted for 
entry interface. This demonstrated that mission control expected the spacecraft to 
gather yet more speed between the arbitrary point of entry interface and the 
estimated 0.05-g event. 

Mission control expected the spacecraft to reach entry interface at a time of 
290:23:32 since launch. It was then expected that 27 seconds would elapse between 
entry interface and the 0.05-g event being sensed. The actual time would depend on 
the local atmospheric conditions. 

The next item concerned a computer entry, Noun 69, that was not applicable, or 
N/A to this PAD. As entry commenced, the computer ran Program 64 and its display 
was set to show the contents of Noun 74. This had three numbers derived from the 
primary guidance system which told the crew: (a) how much drag they were 
experiencing (i.e. the g-force to which re-entry was subjecting them), (b) their current 
inertial velocity, not taking into account the rotation of the Earth, and (c) the angle 
their flight path made with the horizon. If the entry profile required the spacecraft to 
skip out of the atmosphere for a time, the computer was programmed to move to 
Program 65, whereupon the display would show Noun 69, which again displayed 
drag and velocity, this time relating to the skip-out flight path. The PAD form had 
spaces in which mission control could advise the crew of the expected maximum and 
minimum values for drag and velocity for this phase of the entry, but on Apollo 16 
these were not needed. Of all the Apollos that returned from the Moon, only Apollo 
11 had to deal with this skip-out condition and that was to extend their flight path 
and avoid a storm. 

During part of the entry, the spacecraft was flown in a trajectory that 
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maintained a constant g-force. In all cases, this was set at 4.00 g. As the spacecraft 
continued to slow, there came a point when its velocity was equal to that of an 
orbiting object. In other words, on reaching this speed, the spacecraft no longer 
had enough momentum to return to space on a long-duration elliptical orbit that 
would have threatened the crew. Also, since the spacecraft would be in the 
atmosphere already at this point, drag would continue to reduce its velocity, and a 
landing somewhere on Earth was assured. The next item in the PAD informed the 
crew that they were expected to reach this safe milestone 2 minutes 2 seconds after 
entry interface. 

The extreme heat generated by the shock of compression ionised the air and 
created a sheath of plasma that effectively blocked radio signals to and from the 
spacecraft. This period, known as blackout, was expected to begin at 00:16 or 16 
seconds after entry interface and continue until 3 minutes 33 seconds after entry 
interface. 

Once the spacecraft had shed most of its speed, the Earth landing system (ELS) 
would convert it from a 6-tonne lump falling through the atmosphere to a gently 
descending vehicle returning explorers from the Moon. The first part of this system 
was a pair of drogue chutes which the Apollo 16 crew could expect to be deployed 7 
minutes 43 seconds after entry interface. 

The Apollo 16 entry PAD continued with six further items that were all concerned 
with two methods of ensuring that the command module’s attitude was correct just 
prior to re-entry. The first of these would use the sextant to aim at a particular star. 
The second, not used on Apollo 16, was a similar thing using the COAS mounted in 
a window. Apollo 16’s sextant star check said that two minutes prior to entry 
interface, the crew should expect to see sextant star 25, Acrux — which is the major 
star in the southern constellation Crux — through the eyepiece when their sextant was 
aimed to a shaft angle of 151.5 degrees and a trunnion angle of 26.2 degrees. 

The final entry on the form used for the PAD told the crew that the lift force 
generated by the shape of the hurtling spacecraft would be ‘up’ at least at entry 
interface. This was another way of saying that they should be in a ‘feet-up, heads- 
down’ attitude as they approach the atmosphere. This information was passed on to 
the computer by entering a ‘1’ in the right place in its memory. 

A number of additional comments were read to the crew at the end of the PAD. 
The first concerned the scroll pattern to be used to monitor the entry on the EMS. 
The appropriate pattern was one that was calibrated for the type of non-exiting re- 
entry they planned to make. In other words, since there was no intention to exit the 
atmosphere on a long, skipping re-entry, they should line up the scroll pattern at the 
start of the non-exit EMS pattern. 

Next were three times, stated with respect to entry interface, for important 
milestones in the latter part of the flight. The first (RET for 90K) was for the 
command module’s descent to an altitude of 90,000 feet, or 27.4 kilometres, which 
was expected 6 minutes 6 seconds after entry interface. The spacecraft’s three main 
parachutes (RET mains) were expected to be deployed 8 minutes 29 seconds after 
entry interface while the entire re-entry, from entry interface to splashdown (RET 
landing) on the Pacific Ocean, was expected to take /3 minutes 21 seconds. 
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During the constant-g entry phase of the flight, the spacecraft had to roll to aim 
the lift force it generated up or down to maintain a constant deceleration. Mission 
control included a note to say that if the crew needed to do this manually, perhaps 
through equipment failure, they should roll right. 

As the crew returned from their lunar exploration, the view out of their windows 
afforded them a view of the Moon setting behind Earth’s horizon. The precise time it 
did so was calculated to the second and mission control informed the crew they could 
expect Moonset at 290:20:26 — that is, at 290 hours 20 minutes 26 seconds into the 
mission. This item was more of a confidence booster. If Moonset didn’t occur on 
time, there was nothing they could do about it. The CM was on its own and had no 
propulsion to correct any error in their trajectory prior to entry. 

The final item concerned a detail of the re-entry in case the crew had to fly the 
profile manually. Manual re-entry was flown by following the cues provided by the 
EMS (EMS entry) with which the CMP controlled the g-forces as the spacecraft’s 
velocity fell. Mission control’s note was to reverse their angle of bank as their 
velocity passed 20,000 feet per second. 

After their flights, crews were often asked to talk about the non-scientific aspects 
of flying to the Moon; the meaning, symbolism and the raw human emotion behind 
it. Typical replies have said that they were too busy for such things. Some have 
suggested that for such answers, NASA should have sent artists and poets. A few 
crewmen have pointed out that had artists and poets comprised the crews, they 
would never have returned alive. The sheer degree of detail involved in flying the 
Apollo spacecraft explains why NASA preferred highly proficient pilots as 
astronauts. 


FINAL FOUR HOURS 


The crew spent the next few hours of their approach by making extensive checks of 
their electrical power, environmental and propulsion systems as well as their caution 
and warning system. If a final mid-course correction was required, this was the time 
to make it, and if so then additional onboard navigation sightings would be taken in 
case communications were lost in the final hours. 

Before they reached the waters of the Pacific Ocean, a coordinated sequence of 
events had to occur in the correct order. A number of those events included explosive 
devices. These would separate the command and service modules before re-entry and 
operate the various subsystems of the ELS during the final drop through the denser 
layers of the atmosphere. This included the jettisoning of the forward heatshield or 
apex cover to uncover the parachutes, and their subsequent deployment. These 
complex events were under the control of the sequential events control system (SECS), 
whose status could only be verified via telemetry. To give these circuits an early 
check, the crew temporarily armed them and asked the flight controllers to inspect 
them. 

At about the time the PAD was being passed to the crew, flight controllers were 
granted direct uplink access to the onboard computer’s memory to change the 
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REFSMMAT to that required for re-entry. With an hour and a half remaining, the 
guidance platform was given its final realignment to thi REFSMMAT. 

It was usual throughout a flight that, when the orientation of the guidance 
platform had to be changed, it would be realigned twice. The first would be 
according to whatever orientation had been in use up to that point, which, prior to 
re-entry, was likely to be the PTC REFSMMAT. This was simply to determine 
how far the platform had drifted since its last realignment. It gave engineers an 
additional ‘data point’ in their record of the mechanical characteristics of the IMU 
in case this data had a bearing on subsequent flights. The second realignment 
swung the platform around to its new orientation as defined by the entry 
REFSMMAT. 

As a backup, the same alignment was passed to the spacecraft’s secondary 
attitude reference, which consisted of the body-mounted gyroscopes and _ their 
associated electronics system, the gyro display couplers (GDCs). This just required a 
press of the ‘GDC Align’ button, and although this backup system was more prone 
to drift, if all went well the spacecraft would be in the water before it became an 
issue. 

Because he had received most training for the re-entry procedures, the command 
module pilot took the left couch. None of the Apollo crews wore their pressure 
suits for re-entry after the Apollo 7 commander rebelled, citing his head cold as a 
reason not to have to wear the bulky garment. The CMP manoeuvred the 
spacecraft to an attitude that put the heatshield forward with the crew heads-down 
and looking back. It wasn’t their final entry attitude; a further pitch-up would be 
required for that — a manoeuvre they would execute a few minutes before reaching 
entry interface. But in this attitude, they could make checks of their attitude 
control and trajectory, and it was a starting point for the procedures to jettison the 
service module. 

The first of these checks required that the sextant be aimed at an angle given in the 
PAD, with the expectation that, if their attitude was as it should be, a specified star 
would be visible in the instrument’s narrow field of view. With that check made, the 
spacecraft’s optics had performed their final task, and were swung to a shaft angle of 
90 degrees and powered down. Earlier flights also included an additional check of 
attitude using the COAS — an optical sight, similar to a gun sight, mounted in one of 
the rendezvous windows. Again, with the sight mounted at specified angles, a named 
star was expected to be visible through the instrument. 


Entry monitor system 

The crew’s next task was to put the entry monitor system (EMS) through a series of 
tests to verify that it could be trusted in its role, which was, as the name implied, to 
monitor the progress of the re-entry. 

This bit of kit on the main display console came into its own in the final minutes 
of the mission, but its weight wasn’t carried for two weeks without it having to work 
for its passage. NASA’s engineers saved weight by having systems share their 
components where possible, so throughout the flight, the single accelerometer within 
the EMS provided backup to those in the guidance platform whenever the effect of 
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engine burns had to be confirmed. 
Its digital display was regularly 
pressed into providing the crew with 
extra information, but the full cap- 
abilities of its systems were utilised 
on re-entry. 

It was not a single display; 
instead, it was a specialised gui- 
dance and display system to present 
critical entry parameters to the 
crew, and it occupied a prominent 
position on the massive instrument 
panel directly in front of the left 
Diagram of the front panel of the EMS. (NASA) couch. In normal use, it allowed 

them to monitor the progress of an 

automatic re-entry through its in- 
dependent measurement of velocity and g-forces. But if the main guidance system 
were to fail (which happily never happened), it would have yielded enough 
information to allow them to steer the spacecraft manually to an accurate and safe 
landing. 

Among the switches and knobs on the EMS panel were three displays that 
covered various aspects of re-entry. The largest was a window behind which was a 
scrolling graph on a long Mylar tape, 8.75 centimetres wide. A scribe drew a line 
across the tape to show the progress of re-entry. The axes of this graph were 
deceleration and velocity: in other words, the rate at which velocity was being lost — 
the deceleration — was plotted against how much still had to be lost. As their 
velocity reduced, the scroll moved to the left and its scribe left a trace to enable the 
CMP to visualise the trends. If, during the early stages of re-entry, the onset of g- 
force was too rapid, then the spacecraft was coming in too steeply and needed to 
roll around and try to fly higher in order to avoid flying through the thicker air for 
any length of time. Conversely, a low g-force while still at a high velocity could 
mean that the spacecraft was failing to lose enough energy and would need to dive 
more deeply into the atmosphere or risk sailing out into space on a long lethal 
orbit. The graph made these decisions apparent. The scroll was inscribed with lines 
that represented limits of g-force and the distance that could be achieved during the 
entry to aid interpretation. 

Below the scroll was a digital display that was discussed in earlier chapters owing 
to its use in previous stages of the flight. During re-entry, it displayed either the 
range in nautical miles to the splash point, or the current velocity. The initial values 
for both were entered into the EMS prior to re-entry. 

The third display, the roll stability indicator (RSD, looked a little like a simplified 
artificial horizon, and that is essentially what it was. It consisted of a pointer on a 
circular display that told the CMP the direction in which the spacecraft’s lift vector 
was aimed with respect to the Earth below, and was driven by the GDC and its 
gyros. Since the lift vector was always in the direction of the crew’s feet, it essentially 
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indicated whether they were flying feet-down or feet-up. Two indicator lamps were 
located at the top and bottom of the display which told the CMP which way round 
the lift vector should be aimed to achieve the correct re-entry conditions. If he had to 
fly the re-entry manually, he would roll the spacecraft to aim the pointer at 
whichever lamp was lit. 

The panel had two other lamps: one to indicate when the SPS engine had been 
commanded to fire, and the other to indicate the onset of 0.05 g at the start of re- 
entry. A knob allowed selection of the instrument’s various functions, including 
access to five built-in tests with which to verify the unit’s correct operation. These 
tests ensured that the lamps would trigger at the correct point, that the digital 
counter was operating, and that the scroll and its scribe were working properly. Two 
different patterns were printed on the scroll: one for a conventional re-entry, and the 
other for an entry that included some degree of skip away from Earth for a time. The 
start of the scroll included several patterns for testing its operation, whereby the 
scribe was expected to make a predefined series of motions. 


Spacecraft condensation 

Prior to re-entry, the crews noticed how the area around the forward hatch up in 
the CM’s apex tended to cool and attract condensation from the cabin’s 
atmosphere. 

“You know, I bet when we splash down out there,”’ said Tom Stafford, “this cold 
water runs all out in that...” 

“Bet you’re right,” interrupted John Young. “That’s probably where all the water 
comes from.” 

“JT bet there'll be water galore,” said Stafford. 

“Well, a lot of it’s condensing up the hatch, too,” said Young. ““That’s a good 
place for it; there ain’t no wires up here. I don’t give a shit if we get ice up here as 
long as there ain’t no wiring up there. As long as we don’t have to live up there.” 

“Good place to put your feet up,” suggested Stafford. 

“Tf I was designing the spacecraft,’ continued Young, ever the hardened engineer, 
“Td make the bastard get the water out of it before it ever starts; but once it’s 
designed, that’s probably as good a place to have a water separator as anywhere.” 

“Did the other spacecraft notice water under there?’’ asked Stafford. 

“T don’t know if they ever noticed ice or not. We’ve got a lot of water up there 
now, a lot, a lot. Let me get my rag and go up in there and clean it out.” 

Small amounts of water were not a problem in the cabin’s electrical system, partly 
as a result of the Apollo | fire. One of the changes made to the spacecraft was that all 
the electrics had to be hermetically sealed. When Odyssey, the Apollo 13 CM, re- 
entered, its wiring had been chilled for four days and had gathered condensation that 
covered every surface. Upon re-entry, large quantities of water rained down on the 
crew. 


Keeping cool 
Over the final hour of a mission, as the crew prepared for re-entry, most of the 
systems in the command module were powered up. Throughout the mission the heat 
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generated by these systems had been absorbed by a water/glycol solution not unlike 
that found in the radiator of an automobile, and then shed to space by the two large 
radiators on the side of the service module or, if required, the primary and secondary 
water evaporators in the command module. 

However, by design and a mere 15 minutes before re-entry, most of the elaborate 
systems for dissipating the spacecraft’s excess heat were about to be cast away along 
with the rest of the discarded service module, so a special provision had to be made 
to manage the heat generated within the command module during the half hour 
between separation and splashdown. Shortly before separation, a ‘chill-down’ 
process was begun, where both radiators and the primary and secondary water 
evaporators were used to cool the water/glycol to around 5°C. This didn’t cool the 
cabin, which remained at about 24°C, but it prepared the coolant to absorb large 
amounts of heat from the electronics. This took advantage of the fact that water has 
by far the highest heat capacity of the common liquids. Although the total amount of 
heat that could be absorbed by the coolant was still quite limited, it was sufficient to 
last from entry to splashdown. The water/glycol within the command module was 
only used to cool the spacecraft’s electronics. No attempt was made to actively cool 
the exterior during the fiery plunge through the atmosphere, the heatshield being 
more than adequate to protect the structure. 

One system that did not require to be cooled, but to be heated, was the 
command module reaction control system and its thrusters. These RCS thrusters 
had been exposed to the cold of space or the heat of the Sun for up to 12 days. 
Heaters ensured that they were all warm enough before they were operated for the 
first time. 


LAST HOUR 


As the mission entered its final hour, one chore for the astronaut in the right couch 
was to install a 16-millimetre movie camera in a bracket next to his rendezvous 
window. This would record the view from the window looking backwards along their 
glowing wake. The camera did not have a direct line of sight, but rather was 
mounted off to one side and used a small 45-degree mirror to see out. 

In the meantime, a final few items were stowed away for the re-entry. These 
included the ORDEAL box, the COAS optical sight, the chlorine injector and gas 
separator of the water squirt gun. An important aspect of stowage for re-entry was 
to ensure that objects were not only well secured but that their weight, soon to rise 
more than six times their earthly weight, and their edges and points, did not strike a 
crew member or cause damage, especially to the aft hull. Additionally, items above 
the crew had to withstand the sudden shock of the spacecraft’s impact with the 
ocean’s surface. 

With 50 minutes to go, tasks leading up to their meeting with entry interface were 
coming thick and fast. The heaters that were preheating the CM thrusters were 
switched off, and a check was made of the two batteries that would fire the 
pyrotechnic devices. These were separate from the spacecraft’s three main batteries. 
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If either battery indicated less than 35 volts, extra energy was taken from the main 
supply to ensure operation. The third of the CM?’s other three batteries was 
connected across both of the main power busses. The batteries would become the 
spacecraft’s primary electricity supply after the fuel cells were cut adrift with the 
service module. 

A check was made to see that their backup attitude reference, the GDC, was not 
drifting excessively. If it was, then two instruments that were relying on its output 
had to be treated as suspect: the right-hand FDAI and the RSI, the latter being the 
instrument that showed the direction of their lift vector and therefore a key item on a 
manual re-entry. 


Command module RCS 
Having heated the command module’s thrusters, the rest of its reaction control 
system could be primed, ready for use. 

Thus far, all small-scale manoeuvres had been carried out using the RCS thrusters 
on the service module. The command module’s RCS was a simpler system primarily 
because there was no need for translation manoeuvres; it was required only to 
control the spacecraft’s attitude. As re-entry began, it maintained the vehicle in the 
desired attitude until aerodynamic forces took over. Then it performed the roll 
manoeuvres to steer to an accurate landing while simultaneously damping any 
excessive motions in the pitch and yaw axes. It comprised two entirely independent 
systems or ‘rings’ for complete redundancy, each of which had a fuel tank and an 
oxidiser tank mounted in the annular compartment around the periphery of the CM. 
These supplied propellants to six engines recessed into the outer hull — a total of 12 
engines. For the majority of the mission, the system was maintained in an inert state 
with its tanks unpressurised. 

Now as they neared re-entry, pyrotechnic squibs were detonated to open valves 
that fed pressurant from small high-pressure helium tanks to the fuel and oxidiser 
tanks. Like the RCS systems on the service and lunar modules, the tanks were not 
pressurised by simply pumping high-pressure gas into them; the helium did not 
come into contact with the propellant within. In a weightless environment, blobs of 
liquid in a simple tank are liable to float about with voids in between that could 
allow gas to enter the propellant lines to the engines. Instead, the propellant was 
isolated within a Teflon bladder inside the tank, while gas occupied the space 
around it, squeezing the bladder and forcing propellant through the feed lines to 
the thrusters. 


Last half hour 
Timing their tasks up to and beyond re-entry was important to help the crew to 
coordinate their progress through an increasingly busy checklist. To this end, they 
set their digital event timer to count up to, and beyond the moment of entry 
interface. 

Their next task was to prepare the EMS by setting it to the starting conditions for 
re-entry, as read up in the PAD. The CMP moved the scroll to the start of the 
relevant monitor pattern, aligning the scribe to the velocity that would be expected 
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when 0.05-g was sensed. The total distance for re-entry was entered into the digital 
display at the bottom of the panel and the dial of the roll indicator was aligned to 
ensure that its reference matched the GDC and that it would accurately show 
whether they were orientated feet-up or feet-down. 

Then attitude control was transferred to the CM and the thrusters on both rings 
of the RCS were operated for a briefly to verify their operation. Once complete, 
attitude control was returned to the SM thrusters. 

With just 25 minutes remaining to entry interface, the crew began to prepare the 
service module for jettison. A valve was closed to cut off the supply of oxygen from 
the SM tanks which left the CM reliant on the contents of a small tank mounted in 
its periphery. One of the three fuel cells was shut down to force the batteries to take 
more of the load and so help to warm them up. The service module’s radio systems 
were switched off. Circuit breakers were pulled to remove power from a number of 
heaters that kept the radiators, the dump nozzles and the potable water tank warm. 
Once all these small tasks had been completed, a check was made to ensure that the 
spacecraft was still in the correct attitude. 

Use of the computer was quite intensive during re-entry, especially since, if all was 
working well, it would be the computer that would fly the spacecraft all the way to 
deployment of the parachutes. This began with Program 61 (P61) which started re- 
entry navigation by measuring the acceleration acting on the spacecraft. It also 
accepted relevant information from the PAD to allow subsequent programs to 
control the re-entry. This included their planned impact latitude and longitude and 
whether they would be entering heads up or down, information that went into Noun 
61; their maximum deceleration, their velocity and flight path angle at entry interface 
went into Noun 60. They then checked the contents of Noun 63, which held their 
range from the 0.05-g point to the landing site, their velocity at the 0.05-g event and 
the total duration of re-entry. 

When they were happy with the numbers to this point, they pressed ‘Proceed’ and 
the computer moved to P62 which handled the jettisoning of the service module and 
placed the command module in the correct attitude for re-entry. First the CMP had 
to carry out a horizon check at 17 minutes to go. All he had to do was look out to see 
where Earth’s horizon appeared with respect to a series of angle markings on the 
edge of the rendezvous window. It was expected that it would be coincident with a 
line drawn at the 31.7-degree mark. However, because the line of sight was 
dependent on exactly where the CMP placed his head, a tolerance of 5 degrees was 
allowed. If the horizon was outside these limits, the rules said that they should 
assume the G&N to be faulty and steer the ship manually. 

Apollo 12 CMP Dick Gordon couldn’t even see the horizon, as he related after 
the mission: “It was dark and I never was certain that there was a horizon out there,” 
he told his debriefers. He was not concerned as they had already made so many 
attitude checks. “It really didn’t make any difference. We had already checked the 
alignment. We were satisfied with the IMU. We had a boresight star. We had a 
sextant star check. We knew where we were, and the DAP [digital autopilot] was 
working properly. We were confident the whole time, and I didn’t care whether I 
made that check or not.” 
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His commander Pete Conrad pointed out the inconsistency in this approach. ““We 
ought to change the rule, because we actually violated the rule.” 

“Well, we actually picked up the horizon check later on during the entry,” pointed 
out Gordon. In fact, there was no real necessity for the check to be done 17 minutes 
prior to entry as the checklist included a graph. ““You’ve got the chart of the Earth 
horizon angles versus time from entry interface and you can check that any time 
prior to entry interface. It’s a nothing check, and you can either do it or not do it. I 
couldn’t care less.” 


Bye bye, SM 

After the horizon check, and a check of the VHF radio, the crew entered a code to 
tell P62 that they were about to shed the service module. The spacecraft was then 
yawed 45 degrees to the left. Since the CM’s thrusters could not impart translation 
motions, only rotations, it was the SM’s task to manoeuvre clear in order to 
minimise the risk of a collision. 

Jettisoning the service module was an intricate task left almost entirely to 
automatic systems that not only severed the interface cables and pipes safely, they 
also ensured that the SM moved clear. However, the SM was the primary source of 
power, oxygen and cooling, and inadvertently separating the two modules any earlier 
in the flight would have had disastrous consequences for the crew. Therefore, as with 
most other events that occurred only once yet demanded the highest reliability, the 
SECS took care of disconnecting the umbilical lines between the two modules, 
cutting the ties that held them together and controlling the SM’s evasive 
manoeuvres, all of which occurred in just a few seconds. 

The process began when the CMP applied power to the logic circuits of the SECS 
and armed the pyrotechnic system, connecting dedicated batteries to their control 
circuits. After the arming sequence was complete, the flip of a switch began the 
separation sequence. As would be expected, this switch was guarded by a metal cover 
to avoid accidental operation. The SECS then assumed control. A command was 
sent to a controller box in the service module. This started a timer to trigger the RCS 
jets on the SM, ready to move the now unwanted hardware away from the CM after 
separation. Many systems on board the SM remained active to support the 
separation process. In particular, two fuel cells continued to supply power for the 
jettison controller and the thrusters, and to fire the pyrotechnics that severed the 
steel ties holding the CM and SM together. First the electrical connections across the 
umbilical were carefully disconnected by an arrangement of cams and levers in the 
CM, powered by a small explosive charge that literally unplugged the cables between 
the two modules and then another pyrotechnic charge drove a guillotine through all 
the cables and plumbing that ran between them. On command from the SM’s event 
controller, each of the three strong tension ties that ran through the heatshield to 
hold the two modules together was cut by two separate explosive charges in a 
manner that allowed springs beneath each of six support pads to push the modules 
apart. 

As the service module came free, its controller fired its jets both to pull it away 
from the command module and to impart a spin that attempted to stabilise its 
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motion. On early missions those thrusters that were working to pull it away 
continued to fire until depletion or failure, but despite these efforts to take the SM 
well away from the CM the complex dynamics of the remaining propellant in the 
tanks caused it to turn around and approach the CM again. 

During their debriefing, the Apollo 11 crew were asked if they saw their service 
module. 

“Yes. It flew by us,” said Mike Collins. 

“Tt flew by to the right and a little above us, straight ahead,” added Buzz Aldrin. 
“Tt was spinning up. It was first visible in window number four, then later in window 
number two, really spinning.” 

This problem was cured by shorter separation burns. 

After the SM had gone, the crew quickly checked the pressures in their RCS 
tanks, safed the system that had fired the explosive devices, and checked that their 
batteries still had enough power for the final leg of the mission. The CM was yawed 
back 45 degrees in order to face backwards along their flight path and then pitched 
down to the correct attitude for atmospheric entry. At this point, Collins noted how 
the weak thrust from water vapour leaving the steam duct interfered with his 
attempts to yaw. The vapour came from the evaporator, now their only means of 
losing heat. ““When I got a yaw rate started, the water boiler would fight me, the rate 
would reduce to near zero, and I would then have to make another input.” 

At this point, in a heads-down attitude with the lift vector up and with everything 
verified, the CMP pressed ‘Proceed’ on the DSKY to give the autopilot control of 
their attitude. Its display showed their impact coordinates and a check of their heads- 
up/down status at which point ‘Proceed’ was again pressed to pass control of the re- 
entry profile fully into the computer’s hands. 


HUMAN SHOOTING STAR: P63 


“Well, men, we’re getting close,’ said Frank Borman as Apollo 8 neared the planet 
to make the programme’s first lunar return. 

“There’s no turning back now,” added Bill Anders. 

Jim Lovell continued their obsession of stating the obvious. “Old mother Earth 
has us,”’ he said. 

As they waited for the first stage of the re-entry, the computer moved onto P63. 
This program was purely to initialise the upcoming sequence and start calculating 
the re-entry parameters. It maintained their attitude and waited for the 
accelerometers to sense 0.05 g. The crew had little to do but to look out of their 
windows, which were facing backwards along the flight path, affording a view of the 
Moon setting behind Earth’s bulk at a precisely known time. On Apollo 12, Pete 
Conrad became almost lyrical about the scene as Yankee Clipper coasted over the 
Western Pacific. 

“Hey, there’s the horizon. Hot damn. Hello, world! Hey, you’re going to get 
Moonset right on the schnocker!”’ 

“Yes,” agreed Gordon. 
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“Tt’s coming pretty fast,” enthused Conrad. “We is flat smoking the biscuit. God 
damn! We’re going! Whooee!”’ 

“We’re going 35,000 feet per second,” said Gordon, keeping an eye on the DSK Y 
as they edged towards 11 kilometres per second. 

“We're hauling ass is right,” said Bean. “Got some high clouds and some low 
clouds down there. Got a lot of ocean.” 

“Youre going to have Moonset pretty quick,” said Conrad. Right on time, the 
Moon seemed to descend into the murk of Earth’s atmosphere. 

“Hey, that’s something else. Look at that. I wish I had a picture of that.” 

“Where is it?” asked Bean. 

“Right out the centre hatch,’ said Conrad. Since he was occupying the centre 
couch, it was the hatch window that gave him his view outside. 

“Hey, Al, turn your camera on,” called Gordon, knowing that Bean had the 
movie camera set up in the window. “‘Maybe you can get a picture of it for a couple 
of seconds.” 

“The camera’s going this way, and that’s up that way,” replied Bean. It was not in 
the field on view. 

“Too far away, huh?” said Gordon. 

After the flight, Conrad spoke of the impression the view left on him. ““Moonset 
really was spectacular. It’s too bad we didn’t have a camera to photograph that. It 
was a full Moon; and it was exactly aligned in the yaw plane behind us. Just watching 
that thing settle behind a beautiful, lit daylight horizon, with clouds above the 
Pacific, was phenomenal.” 

The Apollo 15 crew were so engaged with the view of the blue planet speeding by 
that they missed Moonset. 

“Oh, man, are we moving, too!” said Al Worden. “Son of a gun! Sheeoo!”’ 

“Yes, indeedy,”’ said David Scott, who had made an Apollo re-entry before, albeit 
from a slower speed in Earth orbit. ““You ought to be able to see it out the hatch 
window.” 

“Oh my, I sure can,” said Worden. “Sure a lot of mountains down there. How 
about that!” 

“Shit. I think that’s Alaska out there. That would be right, wouldn’t it?” said 
Irwin. 

“Yes,” said Worden. “Keep an eye out for the Moon.” 

“Yes, keep an eye out for the Moon,” agreed Scott. 

““We’ve done it. Oh, we’ve missed it.”’ said Worden. ““We were too busy watching 
the Earth.” 

“T’m not sure there’s much you could do about it to correct it anyway,” said 
Scott. Indeed there was nothing since the CM possessed no propulsion. 

Being an arbitrary construct, entry interface passed with little more than a 
mention from the public affairs announcer. Of greater importance to the crew was 
when P63 sensed 0.05 g, about 30 seconds later, at which point it triggered the EMS 
to begin monitoring their entry. Its scroll began moving to the left as their velocity 
decreased, and its range/velocity display showed either how far across the ground 
they had still to fly or how much velocity they still had to lose. Simultaneously, the 
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computer was automatically advanced to P64 to fly the initial part of the re-entry 
flight path. There was no fixed altitude at which 0.05 g occurred, because it depended 
completely on their velocity, now 11 kilometres per second, the shape of the 
spacecraft and the local atmospheric conditions. 


ENSURING CAPTURE: P64 


Once a deceleration of 0.05 g was detected, the hard work of entry began. The 
spacecraft was in the tenuous but thickening atmosphere and there was no longer any 
need to hold it in a particular attitude because its inherent aerodynamic stability was 
dominant. Therefore P64’s first task was to discontinue attitude-hold and begin to 
ensure that any unwanted motions in the pitch and yaw axes were damped out. The 
three displays on the DSK Y showed their roll angle as commanded by the guidance 
computer, their velocity and the g-forces associated with their deceleration. It was no 
coincidence that these values were duplicated on the EMS; both systems operated 
independently, and if one failed, the other could be used to complete the re-entry. 

The primary task for P64 was to slow the spacecraft below orbital velocity, about 
7.8 kilometres per second, thereby ensuring that it could not return to space on a 
long and lethal orbit of Earth. Within P64’s regime, the deceleration loads quickly 
built up to a peak above six g while the program repeatedly tested their flight path, 
evaluating whether a safe re-entry trajectory had been achieved. 

By this time, a substantial shock wave had developed just ahead of the heatshield 
as the CM rammed into the tenuous gases of the upper atmosphere, instantaneously 
subjecting them to extreme compression and heating them to temperatures similar to 
the visible surface of the Sun, ionising them and surrounding the spacecraft in a 
sheath of plasma that effectively blocked radio communication. For about three 
minutes of the initial re-entry, this ‘blackout’ meant that mission control had no 
visibility into the craft’s systems and could do nothing except wait, idle. The crew, 
meanwhile, unable to communicate, concentrated on monitoring their flight path, 
although on Apollo 14, CMP Stu Roosa reported that he could hear his Capcom 
“Just fine’. 

When Apollo 13 had to abort and return to Earth early, an unintended shallowing 
of their flight path caused blackout to last much longer than expected, in the process 
raising the tension of an already dramatic situation with the prospect that the craft 
had burned up. This radio-opaque plasma sheath is an inherent problem for all re- 
entering spacecraft but the Space Shuttle managed to circumvent it by establishing 
communications through the rear of the sheath via a geostationary communications 
satellite. 

“What is that?” said Anders on his first and only space re-entry. “Airglow?” 

“That’s right, you’ve never seen the airglow,” said Lovell. Both he and Borman 
had re-entered on Gemini 7 and, like a couple of old-timers, thought they knew what 
was coming. ““Take a look at it.” 

“You can’t get your pin without seeing the airglow,”’ kidded Borman, referring to 
the gold astronaut pin that Anders would receive after Apollo 8 landed. 
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The view out of the CM window during Apollo 15’s re-entry, including the jettison of 
the forward heatshield and the deployment of the parachutes. (NASA) 


“That’s right,”’ joked Lovell. 

Anders laughed. “I see it, I see it. Let’s see, is this where I’m supposed to ask how 
many g’s, Lovell?” 

“That’s right,” answered the experienced spaceman, “you ask how many g’s.” 

There were no rookies on Apollo 10, but that did not inhibit their surprise at the 
spectacle of being inside a re-entry from lunar distances where much more kinetic 
energy was expressed. 

“Here comes the glow, John,” said Tom Stafford as they approached the 0.05-g 
event. 
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‘Here it comes, babe,” said Eugene Cernan. 

“Shit, you’d better believe it,”’ said Stafford. “Okay. Stand by for re-ent...’’ He 
interrupted himself. “Oh, look at that.” 

“Look at that,” repeated Cernan. ““God damn. God damn.” 

“Just looks like daytime,” said Stafford, who then counted the g-forces building 
up. “Point two, point three, point four. We’re trimming in good.” 

““Here comes some g’s, babe,” said Young. 

“Oh, you’d better believe here comes some g’s,” said Stafford, ““Here comes the 
water, too. Just sit back anyway.’ Water that had condensed around the cold apex 
of the cabin began dripping over them. 

“Okay, there’s one g,” said Young. But the sudden onset of a deceleration 
equivalent to Earth’s gravity seemed worse than it was to a crew that had been 
weightless for over a week. 

“Shit!” cried Stafford. “You got to be kidding, José.” 

“It seems like about 10 [g],”’ estimated Cernan. 

On board Apollo 8, even the ‘veterans’ Borman and Lovell were brought up short 
by a sight once described as like being inside a fluorescent tube. ““God damn, this is 
going to be a real ride; hang on,” called Borman as the light outside and the g-forces 
built up. “I’ve never seen it this bright before.” 

“Quite a ride, huh?’ said Anders. 

“‘Damndest thing I ever saw,”’ agreed Borman. “Gemini was never like that, was 
it, Jim?” 

“No, it was a little faster than this one,”’ said Lovell, referring to the length of time 
they were staying in the high-speed region of flight. 

“T assure you I’ve never seen anything like it,” said rookie Anders. “Cabin 
temperature’s holding real good. Up one degree.” 

After the flight, Borman was upbeat about the experience. “The ionisation on 
these high-speed entries is fantastic. The whole spacecraft was lit up in an eerie 
iridescent light very similar to what you’d see in a science fiction movie. I remember 
looking over at Jim and Bill once, and they were sheathed in a white glow. It was 
really fantastic.” 

But this was no sci-fi movie. This was the real thing. The Apollo 11 crew were 
more descriptive of the sights that accompanied the onset of re-entry. ‘Along 
about 0.05 g, we started to get all these colours past the windows,” said Collins at 
their post-flight debrief. ““Around the edge of the plasma sheath, there are all 
varieties of colours — lavenders, lightish bluish greens, little touches of violet, and 
great variations mostly of blues and greens. The central core has variations on an 
orange-yellow theme. It’s sort of a combination of all the colours of the rainbow 
really. The central part looks like you would imagine a burning material might 
look. Orangish, yellowish, whitish, and then completely surrounded by almost a 
rainbow of colours.” 

“T thought there was a surprisingly small amount of material coming off,’ added 
Aldrin. 

“That’s right; there didn’t seem to be any chunks as there were on Gemini,” said 
Collins. 
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“There was a small number of sparks going by,” added Aldrin. “You could 
definitely see the flow pattern. Looking out the side window, you could get a very 
good indication of the angle of attack by the direction of motion of the particles. 
That didn’t seem to change very much. When a thruster would fire, you could pick it 
up immediately, because it deflected the ion stream behind you.” 

Charlie Duke was surprised at how effective the thrusters were when he re-entered 
on Apollo 16. ““When it decided to roll, boy, it just took off. You could see the 
horizon through the ionisation sheath, both out window five and the rendezvous 
window four.” 

He then spoke about detached Mylar strips he saw out his window. Considering 
the punishing temperatures being experienced on the opposite side of the spacecraft, 
it was remarkable that this plastic film could survive. “There was Mylar on window 
five that was flapping back and forth across the window that was there at 
touchdown. It had come up right at CM/SM sep. I had seen that strip fly by. When 
we started getting the g’s it flopped up over the window, sort of stayed there and 
wiggled the whole time, which amazed me.” 

“‘Here’s two g’s,” said Stafford. The deceleration was ramping up for CM Charlie 
Brown. 

“Okay, baby; you keep flying it,” Young urged the computer. “Three g’s.” 

“There’s one minute gone,” said Stafford. 

“Four g’s,” said Young. 

“Five g’s,” they announced together. 

On the g meter, they watched the deceleration peak at 6.2 g’s. 

“Hang on. It’s getting better,’ said Cernan. 

“It’s going down,” said Stafford. ‘“We’re starting to roll.” 

“Go, machine,” said Young. “It’s rolling good.” 

“Come on, baby; fly,” urged Cernan. 

“Tt’s good. It knows just what it’s doing,” said Young as P64 manoeuvred to force 
the spacecraft towards Earth. 

“It’s rolled lift vector down,” observed Stafford. 

“Go on. Keep that lift vector down,” said Young. A spacecraft that was going 
down was one that would not fly back out into space. 

“Ooh, only three g’s,” said Stafford. The pulse of g-force that went beyond six 
had been brutal. 

“Oh, man,” said Cernan. “That first [g-peak] was a bitch.” 

As high-performance jet pilots, astronauts had learned how to breathe under such 
crushing conditions, tightening their chest muscles and taking short grunting 
breaths. 

After the peak g-load had subsided, P64 maintained a four-g deceleration until it 
had determined that their velocity had dropped below the speed required for orbital 
flight. Then there was no way it could exit the atmosphere and enter orbit. It was 
going to land somewhere. When this condition was met, there were two possibilities 
for the rest of the re-entry. 
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To skip or not to skip 

If the entry plan required the spacecraft to make a skip, perhaps to extend the flight 
path as happened on Apollo 11, the computer advanced to P65 which controlled 
the ascending part of the skip-out trajectory. Whether the skip caused the 
spacecraft to briefly leave the atmosphere depended on how far the flight path was 
being extended from entry interface. Nevertheless, there was a program, P66, ready 
to revert attitude control to the RCS thrusters should P65 sense that deceleration 
had dropped sufficiently low. If the spacecraft did not rise out of the atmosphere, 
as was the case with Apollo 11’s skip, then P66 was not used and P65 handed over 
to P67. If there was a second re-entry, it would be P66 that passed control to P67. 
In most cases however, re-entry did not include a skip-out phase so P64 handed 
directly to P67. 

In the case of Apollo 11, as they approached Earth on their three-day coast, the 
weather in the prime recovery area looked increasingly poor so the decision was 
taken to maintain their trajectory and revise the re-entry flight path to include a skip- 
out, thereby extending their flight through the atmosphere from 2,200 kilometres to 
nearly 2,800 kilometres. “I wasn’t very happy with that,’’ said Collins at his debrief, 
“because the great majority of our practice and simulator work had been done on a 
1,187 [2,200-km] target point. The few times we fooled around with long-range 
targets, the computer’s performance and the ground’s parameters seemed to be in 
disagreement. So, when they said 1,500 miles [2,800 kilometres], both Neil and I 
thought, ‘Oh God, we’re going to end up having a big argument about whether the 
computer is Go or No-Go for a 1,500-mile entry.’ Plus 1,500 miles is not nearly as 
compatible. It doesn’t look quite the same on the EMS trace. If you had to take over, 
you'd be hard-pressed to come anywhere near the ship. For these reasons, I wasn’t 
too happy about going 1,500 miles, but I cannot quarrel with the decision. The 
system is built that way and, if the weather is bad in the recovery area, I think it’s 
probably advantageous to go 1,500 miles than to come down through a thunder- 
storm.” 


AIMING FOR THE SHIPS: P67 


By the time P67 took over, the command module had slowed below the velocity 
required for orbit. The job of P67 was to continue to control the lift vector and the 
associated g-forces, rolling the spacecraft this way and that as necessary to guide it to 
its planned impact point while the speed decreased to only 300 metres per second. In 
addition to controlling how far the spacecraft would fly by directing the lift vector up 
or down, P67 also compensated for whether the trajectory was taking the spacecraft 
to either side of the target. By rolling up to 15 degrees to either side, a useful amount 
of lift was aimed to the left or right without impairing the lift in its up/down axis. 
During P67, the DSKY displayed how much sideways angle they were steering and 
how far the computer reckoned their current impact point would be from the ideal, 
both left/right and long/short. 
“Here comes the water again on my feet,” laughed Stafford on Apollo 10. 
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“What water?” asked Young. 

“From the freaking tunnel! It’s cold, John baby,” said Stafford. 

“Three g’s,” called Young. 

“It’s going to pulse the lift vector up,”’ said Stafford. 

“Four g’s. Going to go lift vector up,” announced Young. 

“We'll let her shoot, lift vector up,” said Stafford, happy that the computer was 
doing its job. 

“Go, baby. Just fly,” cried Cernan. 

“Okay, Houston, we’re showing six miles short right now,” called Stafford, “and 
we’re coming on in; pulling about four g’s and this machine just flying like crazy. 
Boy, it’s really going.” 

“Well, Pll tell you, this thing is beautiful,’ said Young in admiration for what the 
little module was capable of doing. The computer reckoned they were going to land 
11 kilometres short, and had rolled the CM around to a feet-up, lift-up attitude to 
gain them more distance. 

“And we’re pulling about 3.5 g’s now. We’re rolling right 60 degrees, and we’re 
practically on top of the target. EMS is reading 21 miles to go. Okay, we’re coming 
down. I guess we’re about 150 K right now.” 

They were still 47 kilometres up but most of their horizontal speed was gone. 
Stafford began to think about how to keep track of what was increasingly a vertical 
plummet. 

“Steam pressure. Get the steam pressure,”’ he called. 

Before Apollo 8 flew, Bill Anders had come up with an idea to give the crews a 
backup means of determining how high they were, rather than just depending on 
their altimeter. The CM already had a meter that indicated the pressure in the steam 
duct that led from the evaporator. Since it was reckoned that its reading would begin 
to rise at an altitude of 90,000 feet or 27.4 kilometres, they could start a watch as 
soon as it came off the zero peg and check the timing of subsequent events from 
there, particularly the deployment of the parachutes. This was the reason mission 
control had included a timing for when they could expect 90,000 feet in the entry 
PAD. The technique worked well when Anders used it on his flight, but subsequent 
crews found it less reliable. 

“The steam pressure peg was somewhere between five and 10 seconds late,” 
explained Ed Mitchell during Apollo 14’s debrief. “At 6:36 it still had not started to 
move up so I switched to secondary. It hadn’t moved either, and I remarked about it 
to Al. About that time, it [finally] started to move.’ Mitchell was concerned that if 
relied upon, it could be misleading. “If we had to enter on that and go by times, I 
think we might have been in trouble.” 

Duke found that it was even later than predicted on Apollo 16. “The only thing 
that was off nominal was the steam pressure was 32 seconds late. I started watch on 
the time that steam pressure pegged. If we had to call the times based on that, we’d 
have been late.” 

Once the spacecraft’s velocity had slowed to less than 300 metres per second, P67 
changed the computer’s display to show the range to splashdown and the current 
latitude and longitude of the spacecraft. By now they were essentially above the 
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recovery site, 20 kilometres up and falling more or less vertically. P67’s final act was 
to inhibit further thruster firing by transferring spacecraft control to the stabilisation 
and control system (SCS) before the program was terminated by a press of the 
‘Proceed’ button. 


Plummet 

At 18 kilometres altitude, the cabin pressure relief valve was set for entry. In this 
mode, the valve held the cabin pressure at its nominal value until the outside 
pressure rose to a slightly higher level, at which point outside air would begin to 
flow into the cabin. On the main display console in front of the CMP and 
commander was a small altimeter whose needle now responded to the rising outside 
air pressure, allowing the crew to use its information to check the progress of the 
descent. 

In preparation for the intensive sequence of pyrotechnic events to come, the 
SECS was again armed which also gave the crew the option of dealing with a 
possibly unstable plummeting spacecraft by manually deploying the drogue chutes 
early. 

Ten kilometres up and falling, they switched on the logic system that would 
automatically trigger the components of the Earth landing system. It used timers and 
barometric switches to orchestrate the deployment of a series of parachutes and 
other events to bring the command module to a safe meeting with the ocean’s 
surface. They also threw a switch to finally disable the RCS thrusters. Next, 7,300 
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Diagram of the components of the Earth landing system at the apex of the CM. (NASA) 
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metres up and descending at over 150 metres per second, a barometric switch 
operated to jettison the upper section of the conical heatshield, commonly referred to 
as the apex cover. Four gas-operated pistons pushed it off and a small parachute 
attached to it slowed it down to take it away from the descending command module. 
This exposed two canisters containing the drogue chutes and the main parachutes 
packed around the tunnel. As with all the automatic events about to occur over the 
next few minutes, a guarded pushbutton allowed the crew to deploy the apex cover 
should the automatic system fail. 

Once the apex cover had enough time to clear, 1.6 seconds to be exact, two 
drogue chutes were fired away from the spacecraft by pyrotechnic mortars to 
ensure that they avoided the turbulent airflow directly above the plummeting 
spacecraft. 

“Stand by for the drogues,” called Young as Charlie Brown continued 
descending. 

“Stand by. There went something,”’ said Stafford. 

“God damn!” cried Cernan. “‘There’s the drogues! There they are, babe.” 

“God damn, we’re on the drogues,” affirmed Young. “Rock, rock, old baby; 
rock, rock. This son of a gun.” 

These parachutes were designed to reduce the CM’s descent speed to 80 metres 
per second. By now, the crew expected to see their cabin pressure rise as the planet’s 
air flowed in from outside via the cabin pressure relief valve. If not, the crew could 
set the valve to its dump position. 

“There wasn’t much of a rotation as the drogue chutes deployed,” explained 
Aldrin after his flight. ‘““They seemed to oscillate around a good bit, but did not 
transmit much of this oscillation to the spacecraft. The spacecraft seemed to stay on 
a pretty steady course.” 

The proper operation of the Earth landing system was of particular concern to the 
Apollo 12 crew, given that their spacecraft had sustained two lightning strikes during 
its launch ten days earlier. They had no means of knowing whether the surges of 
electricity had damaged the pyrotechnic devices that would bring the crew to a safe 
landing, except by firing them. 

“Stand by for drogues,”’ called Gordon. They were keenly watching the event 
timer to see if events occurred on time. 

“What’s the time on the clock? 8:04?” asked Conrad. 

The entry PAD had predicted that they should expect deployment of the drogue 
chutes 8 minutes 4 seconds after entry interface. That time had just passed and there 
was no deployment. Gordon began to count out loud. 

8:12, 13, 8:14.” Ten seconds had passed, the spacecraft had fallen a further 
kilometre and a half and still there were no drogue chutes. 

“8:15, 16,”’ continued Gordon. 

Unlike the predictions of trajectories in space, where Newtonian mechanics 
affords great precision, re-entry predictions are subject to the vagaries of the 
atmosphere and how its density acts to slow the spacecraft. Moreover, entry 
interface was an entirely arbitrary point with little relationship to the atmosphere. 
But it was all the crew had to go on. Gordon kept counting. 
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“8:18. There go the drogues!”’ 

“There it goes,’ confirmed Conrad in relief. 

“Good show,” added Bean who passed on the news to mission control. “We got 
drogues, Houston.”’ He added for his crewmates, ““Man. This is hauling it, isn’t it?” 


Breathing fumes 

It was around this point in the descent that the last Apollo command module to 
enter space ran into problems. During their return from the first international link- 
up in Earth orbit, the Apollo-Soyuz Test Project, the crew failed to switch on the 
Earth landing system at the right time. This episode illustrates how quickly an 
otherwise nominal mission can be derailed by a small operational error. Vance 
Brand was flying in the left couch with Tom Stafford in command occupying the 
centre couch and working through the checklist with him. Somehow, they missed 
the step where the Earth landing system should have been powered and, all too 
quickly, they realised that the apex cover was still attached when it should have 
already departed. Brand punched the button to manually jettison it, and did the 
same for the drogue chutes. Unfortunately, in the rush, the RCS jets were not 
disabled, and when the drogue deployment caused the spacecraft to sway, the RCS 
jets began to fire to damp out these motions. By this time, the cabin pressure relief 
valve had begun to admit air from outside and, as it did so, exhaust from the jets, 
including a fraction of unburnt propellant, entered the cabin where the highly 
noxious chemical irritated the skin and eyes of the crew and caused them to cough. 
After struggling through the remainder of the descent and a hard landing that left 
the spacecraft upside-down, Stafford found Brand to be hanging in his straps 
unconscious. He struggled to get oxygen masks on his crewmates and gain control 
of the ship. 


A crewman’s favourite sight: red and white 

With only 3,000 metres of altitude remaining, another barometric switch operated to 
fire mortars that deployed three pilot chutes into the smooth air stream, which in 
turn pulled the three main parachutes out from their bays around the tunnel. These 
were a welcome sight to the crews and became familiar to the public as the impressive 
25-metre red-and-white canopies that featured clearly on colour television coverage 
of an Apollo’s return to Earth. 

Both the main and drogue chutes were deployed in a reefed condition; that is, they 
were inhibited from inflating properly for the first 10 seconds by a line that ran 
around the edge of the canopy in order to reduce the mechanical shock of their 
deployment. A timed pyrotechnic device eventually cut the reefing line to allow the 
canopies to fully open. 

“Going to free fall,” called Conrad as the drogue chutes disappeared. 

“There go the mains!” yelled Gordon when he saw them replaced by the three 
glorious main parachutes. 

“Hang on,” said Conrad. ““We’ve got all three. A good show.” 

“They’re not dereefed yet,’’ warned Gordon. They couldn’t slow enough until at 
least two canopies were fully inflated. 
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“There they go,” said Bean. ““They’re dereefed.” 

“A couple of them are,” said Gordon. ‘“‘One of them isn’t yet. There they go,” as 
the last reefing cord let go. “Hello, Houston; Apollo 12,” he yelled to mission 
control. ““Three gorgeous, beautiful chutes, and we’re at 8,000 feet on the way down 
in great shape.” 

When things are occurring rapidly all around, events can appear to happen in 
slow motion. Collins was watching the deployment of the parachutes intently. “It 
seemed to me there was quite a bit of delay before they dereefed. All three chutes 
were Stable and all were reefed and they kept staying that way until I was just about 
the point where I was getting worried about whether they were ever going to dereef; 
then they did.” 

The fully deployed main parachutes rapidly slowed the spacecraft’s descent to just 
8.5 metres per second. 

While the service module had been attached, spacecraft communications on the 
VHF system had used two scimitar antennae mounted in semicircular housings on 
either side of that module. For VHF communication with the recovery forces, two 
small antennae stored beneath the apex cover popped up automatically soon after 
the main parachutes had been deployed. To use them, the crew had to manually 
switch the output of the VHF electronics across to the ‘Recovery’ position. 

Engineers wisely allowed a generous margin by designing the main parachutes to 
enable the CM to land safely with only two inflated canopies. This precaution was 


The Apollo 15 CM descends with one of its three main parachutes uninflated. (NASA) 
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justified when one of the canopies that should have been lowering Endeavour, the 
Apollo 15 CM to the ocean, failed and uselessly streamed beside its two functioning 
counterparts. The impact speed only rose from 8.5 to just less than 10 metres per 
second. Apollo 15’s CMP Al Worden noted that all three chutes had inflated 
properly when first deployed so blame was put on the crew’s next task, their 
propellant dump. 

The propellant tanks for the RCS thrusters still contained much highly noxious 
propellant, especially hydrazine fuel. As such hazardous substances could not be on 
board when swimmers were clambering all over the spacecraft after splashdown, the 
excess was dumped by firing all their thrusters until the tanks were depleted as the 
spacecraft descended on its three main parachutes. Before doing so, the crew closed 
the cabin pressure relief valve to prevent RCS fumes from entering the cabin, and 
instead, released fresh oxygen from the surge tank into the cabin. When Endeavour’s 
thrusters fired, its oxidiser tanks had emptied before its fuel tanks so that for a few 
seconds, unburnt hydrazine was leaving the engines. As hydrazine can burn in air, it 
has been blamed for damaging the parachute. On subsequent flights, engineers 
biased the propellant load towards the oxidiser and altered the timing of the burn to 
try to avoid the problem. 

The timing of Apollo 8’s arrival meant that it re-entered just before dawn over the 
recovery site, so when the RCS tanks started emptying as the spacecraft descended 
on its main parachutes, the crew were treated to a sight which, though spectacular, 
was somewhat worrying. “The ride on the mains was very smooth,” said Borman 
afterwards, ‘“‘and we could not, of course, see the mains because of the darkness until 
we started dumping the fuel. When we dumped the fuel, we got a good chute check, 
but there was so much fire and brimstone around those risers that we were really 
glad to see the fuel dump stop.” 

Once the RCS propellant tanks had been emptied, the system’s plumbing was 
purged with helium gas to drive out as much trace propellant as possible. 

At 1,000 metres altitude, with the RCS dump completed, the cabin pressure 
relief valve was reset to its dump position, which allowed the cabin’s air pressure to 
fully equalise with the outside atmosphere. It was finally closed 250 metres up, to 
prevent water entering the cabin at impact. For a short time, the spacecraft would 
be partially submerged when it hit the water and there was a good chance that it 
might be upside-down for a few minutes. The parachutes suspended the command 
module at an angle of 27.5 degrees to the horizontal with the main hatch facing 
upwards. This caused the hull to hit the water ‘toe first’, in a fashion that spread 
the final deceleration over the longest possible time. Also, the periphery of the CM 
structure was formed by shaped ribs. Those opposite the hatch, where the 
spacecraft would contact the water first, were designed to be crushable to help to 
reduce the force of impact. They were primarily intended for the undesirable 
contingency of a land impact but could deform to help to reduce the shock of a 
conventional sea landing. 
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The moment of Apollo 15’s splashdown. (NASA) 


SPLASHDOWN 


After a journey lasting up to 13 days, and having taken men further from Earth 
than they would go for at least another two generations, an Apollo lunar mission 
ended with a hefty thump on the surface of the ocean. With luck, the spacecraft 
would catch the tip of the descending swell which would soften its impact. Not so 
for the crew of Apollo 12. Luck went against them, and especially against the skull 
of LMP AI Bean when rough waves and bad timing created a very hard impact, as 
Conrad explained afterwards: “‘We really hit flatter than a pancake, and it was a 
tremendous impact. Much greater than anything I’d experienced in Gemini. The 
16-millimetre camera, which was on the bracket, whistled off and clanked Al on the 
head to the tune of six stitches. It cold-cocked him, which is why we were in Stable 
II.” 

In the water, the command module had two stable modes of floating — right-way 
up, known as ‘Stable I’; or upside-down, or ‘Stable IT’, which left the crew hanging 
uncomfortably in their straps facing downwards. One of Bean’s tasks was to close 
two circuit breakers mounted by his side to let power reach the pyrotechnic 
circuits, so that when Conrad threw a switch, guillotines would cut the main 
parachutes free from the spacecraft. However, as Bean had been temporarily 
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Apollo 12’s CM in its ‘Stable IT’ attitude soon after landing. (NASA) 


knocked unconscious by the dislodged camera, the cutters were not fired and the 
capsule was pulled over. 

“He was out to lunch for about five seconds,” continued Conrad. ‘“‘Dick was 
hollering for him to punch in the breakers, and in the meantime, Id seen this thing 
whistle off out of the corner of my eye and [Bean] was blankly staring at the 
instrument panel. I was convinced he was dead over there in the right seat, but he 
wasn’t, and finally got the breakers in. By that time, we’d gone Stable II, which was 
no big deal.” 

Apollo 8’s CM also ended upside-down. When it hit in the dark, Borman got 
drenched with a few litres of sea water. “The one item that we were perhaps not 
expecting was the impact at touchdown,” he explained afterwards. ‘““There was a 
severe jolt and we got water in through the cabin repress valves even though they 
were closed. A good deal of water came in the cabin pressure relief valve.’’ Distracted 
by the torrent of water that had entered the cabin, he did not release the chutes 
before they pulled the spacecraft over. 

With the parachutes cut free, the SECS pyro system was safed for the last time. 
Beneath where the parachutes were packed, three flotation bags had been installed 
which the crew inflated with stored gas to upright an inverted spacecraft. Even if the 
spacecraft was already floating upright, the bags were inflated in case a freak wave 
should flip it over. 

There seemed to be an evens chance that the CM would end up in the ‘Stable II’ 
position. For Apollo 16, it took a bit longer to get it upright. “It may have taken us 
four or five minutes to upright,’ explained Young. “The centre bag apparently 
didn’t fully inflate. It’s supposed to be the one that inflates first. But the other two 
bags were certainly inflated. It uprighted just like normal.” 
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“T felt a solid jolt,’ was Collins’s recollection of the Apollo 11 impact. “It was a 
lot harder than I expected.” Aldrin had tried to be ready to close the circuit breakers 
to allow Armstrong to release the chutes as quickly as possible, but the force of the 
impact foiled him. “It pitched me forward with a little bit of sideways rotation,” he 
said. “I [had] my fingers quite close to the circuit breaker. The checklist fell, and the 
pen or pencil, whatever I had, dropped. It didn’t seem as though there was any way 
of keeping my fingers on the circuit breakers.” 

Once they had the spacecraft upright and stable, a dye was released into the water 
if required, to aid search and rescue, and the post-landing vent (PLV) could be 
opened to let fresh air in. Mindful of NASA’s need to keep supposed lunar bugs at 
bay, Collins, while somewhat sceptical of the fear, tried his best not to leave the vent 
open. ““The big item for us was that we not contaminate the world by leaving the 
post-landing vent open. We had that underlined and circled in our procedures to 
close that vent valve prior to popping the circuit breakers on panel 250. I'd like to 
say for the following crews that they pay attention to that in their training. If you cut 
the power on panel 250 before you get the vent valve closed, in theory, the whole 
world gets contaminated, and everybody is mad at you.” 

Dick Gordon pointed out how this vent gave the Apollo 12 crew some problems, 
given that they were floating on heavy seas. ““The procedures say, of course, to 
open the PLV ducts. With that rough water out there, when we did, we just took 
water in through the intakes and that fan just blew it into the spacecraft. After a 
while, we got tired of getting wet so we just turned the PLV duct off. We just turned 
it off, and then when we got real warm again, I turned it back on just to let some 
more air in.” 


Recovery 
The crew released their restraints and began to power down the spacecraft while the 
recovery forces swung into action. A typical recovery force had five helicopters 
deployed from a US Navy aircraft carrier that was stationed at the spacecraft’s aim 
point. As spacecraft crews and their support teams gradually improved their re-entry 
guidance and landing became more accurate, recovery planners began to worry that 
the CM might make a hard landing on the carrier itself, so for later missions, the 
carrier stationed itself a few kilometres to one side of the aim point. Each of the five 
helicopters had a specific task in the recovery. One was intended to photograph and 
later televise the splashdown from close quarters. Another had little more to do than 
be a radio relay between the CM, the helicopters and the ship. Two further 
helicopters had frogmen on board whose task was to drop into the sea and attach a 
flotation collar around the spacecraft that would both stabilise it and provide a 
platform for the exiting crewmen. They also recovered the detached parachutes if 
possible. The fifth helicopter carried a ‘Billy Pugh’ rescue basket with which it would 
pluck the three crewmen, one by one, off a life raft next to the spacecraft and into the 
helicopter to be taken to the ship. 

Inside the spacecraft, the crew charged a gas-powered counterbalance for the 
main hatch in preparation for opening. After the Apollo 1 fire, the two-piece 
inward-opening hatch of the Block-I spacecraft was replaced with a single unified 
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Jack Schmitt exits Apollo 17, helped by a Navy swimmer. (NASA) 


hatch that could quickly be opened outwards. A problem with this arrangement was 
that while sitting upright on Earth, the heavy door had to move upwards against 
gravity as well as outwards by a crewman weakened by a long period in space and so 
an ingenious counterbalance arrangement was added that was powered by 
compressed air bottles. 


Saving the planet 
For the first three lunar landing crews, the task of getting out of the CM and back to 
the ship was further complicated because, up to that time, no one really knew whether 
or not the Moon might be harbouring some exotic form of life that could threaten 
Earth’s biosphere. NASA found itself in the unfortunate position of being unable to 
prove a negative when government advisers and exobiologists raised the question of 
possible lunar life. It did not matter that the Moon had already shown itself to be an 
incredibly hostile, dry, irradiated vacuum. Indeed, some pointed out that its surface 
had the makings of quite a good steriliser. In the event, what had begun as a small 
laboratory to handle the lunar samples, evolved into a hugely expensive facility 
surrounded by difficult procedures for the protection of the home planet. 

Naturally, the precautions extended to the recovery process. NASA and the other 
interested parties considered the contamination question for some time before 
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The Apollo 11 crew, wearing their BIGs, sit in the life raft awaiting helicopter pickup. 
(NASA) 


agreeing that the crew would spend 21 days in quarantine from their first exposure to 
lunar soil — this being longer than the incubation period for terrestrial bugs. The first 
few days, of course, were spent in the command module returning to Earth. Soon 
after splashdown, a frogman opened the spacecraft’s hatch a little and threw in three 
coveralls and masks, then disinfected the surround of the hatch. In the cramped 
confinement of the spacecraft’s cabin, and with Earth’s gravity further reducing their 
room to move, the weak-muscled crew wrestled to get into these biological isolation 
garments (BIGs). 

In the heat of the equatorial Pacific Ocean, Mike Collins found the BIGs to be 
dreadfully hot and uncomfortable, increasingly so as the long, drawn-out procedures 
for appearing to care for the safety of the world were acted out. ““We put the BIGs 
on inside the spacecraft. We put them on in the lower equipment bay. Neil did first, 
then I did after him. Buzz put his on in the right-hand seat. We went out; Neil first, 
then me, and then Buzz. It’s necessary, at least the way we had practised it, for us to 
help one another in sealing the BIGs around the head to make sure the zipper was 
fully closed.”’ The BIGs were dropped after Apollo 11, and the 12 and 14 crews were 
only required to wear masks. 

The team of frogmen inflated a life raft alongside the flotation collar around the 
spacecraft. Once again the door was opened and, one after the other, the crew were 
helped into the raft. The Apollo 11 crew, saddled with wearing BIGs, proceeded to 
douse each other with disinfectant. ‘““We sprayed one another down inside the raft,” 
said Collins during the crew’s debriefing. ““There was some confusion on the 
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One of the Apollo 14 crew is winched off the life raft in a ‘Billy Pugh’ net. Note the lack 
of inflated uprighting bags. The recovery team had arrived quickly before the crew had a 
chance to inflate them. (NASA) 
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The Apollo 11 crew exit their helicopter completely enclosed in BIGs. (NASA) 
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chemical agents. There were two bottles of chemical agents. One of them was 
Betadyne, which is a soap-sudsy iodine solution, and the other one was Sodium 
Hypochlorite, a clear chemical spray.’’ Collins also wondered what was to stop an 
alien life form from getting washed into the fertile ocean. 

One by one, the three astronauts were winched on board a helicopter via the ‘Billy 
Pugh’ net, then flown to the recovery aircraft carrier. ‘““The helicopter pilot was real 
good,” said Collins. ““You put one hand or foot anywhere near that basket, though, 
and they start pulling; they don’t wait for you to get in and get all comfortable before 
they retract. Just like a fisherman, they felt a nibble on the end of that line, and he 
started cranking.” 

The short ride to the carrier tested the endurance of Armstrong, Aldrin and 
Collins inside their sealed garments. “Aboard the helicopter, we started storing 
heat,” related Collins. “‘For the first time I became uncomfortably warm during the 
helicopter ride. This is the time when the crew is really starting to get uncomfortable. 
If the crew has to stay in that helicopter 15 or 20 minutes longer than we did, I guess 
the hood on the BIG would come off.” 

Armstrong agreed. “I think we were approaching the limit of how long you could 
expect people to stay in that garment.” 

On reaching the ship, the Apollo 11 crew were not allowed to leave the helicopter. 
They had to wait while an elevator lowered it to the hangar deck where many of the 
ship’s crew were waiting, along with President Richard Nixon. Still cocooned in their 
BIGs, they strode across the deck into the mobile quarantine facility (MQF) that was 


The Apollo 12 crew on board the MQF. Pete Conrad, Richard Gordon and Alan Bean, 
who has a bandage over his right eye. (NASA) 
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to be their home for the next few days. The MQF was carried to Hawaii, offloaded 
and driven to Hickam Field, loaded into a C-141 Starlifter and flown to Ellington 
Air Force Base, offloaded and driven to the /unar receiving laboratory (LRL) in 
Houston where the remainder of the quarantine and debriefing was carried out. 

When the first three crews to walk on the surface of the Moon failed to show any 
sign of illness, the entire quarantine procedure was dropped for Apollo 15 and 
subsequent flights. Their recovery was a much quicker and easier affair without the 
worry of planetary contamination weighing down the procedures. But these flights 
had a particularly heavy workload and, upon reflection, David Scott wished that his 
crew had also been quarantined in order to give them time to wind down and go 
through a more rigorous debriefing. 


Epilogue 


APOLLO IN RETROSPECT 


As soon as Eugene Cernan and his crew stepped off their recovery helicopter, 
Apollo’s lunar programme began its recession into history. Many commentators 
have tried to weigh up its historical position with arguments that range from Apollo 
being a shallow political stunt hatched from the hubris of America’s political 
establishment, to it being the first step in the movement of our species off this planet 
into the wider cosmos. Perhaps it depends on whether the glass is seen as being half 
empty or half full. 

Journalist William Hines of the Chicago Sun Times took the glass-half-empty 
approach when he characterised Apollo’s quest for the Moon as being like the quest 
of a little dog he once watched as it stalked after his car, caught up with it when he 
stopped, then marked it territorially before walking away. To Hines, Apollo was the 
same. ““We caught the Moon, we peed on it and we left.” 

Futurist and science-fiction writer Ray Bradbury had higher aspirations for the 
lunar programme’s long-term meaning. In 1994 he said, “I’m willing to predict to you 
that 10,000 years from now, the people of the future will look back and say July 1969 
was the greatest month and the greatest day in the history of mankind. It will never 
change because on that day, mankind freed itself from gravity. We’ve been clinging 
here on this planet for millions of years and hoping someday to reach the Moon. We 
dreamt about it when we were living in caves. And finally we broke free and the spirit 
of mankind soared into space on that night and it will never stop soaring.” 

As for myself, I am with Bradbury and his glass-half-full notions. In my perhaps 
naive optimism, I cannot help but see Apollo as having been a strange, mad but 
ultimately satisfying adventure of the human spirit. Whatever basal national 
posturing created it, or filthy pork-barrel politics spread its wealth around, I see in 
the people of Apollo a generation who rose above such narrow concerns to take one 
of the most powerful nations on Earth to the Moon and realise a dream that had 
haunted us since culture existed, and do it in a way that was laid bare to the world — 
mistakes included. 


W.D. Woods, How Apollo Flew to the Moon, Springer Praxis Books, 505 
DOI 10.1007/978-1-4419-7179-1, © Springer Science+Business Media, LLC 2011 
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On the penultimate day of the Apollo 11 mission, the crew held a press conference 
from their spacecraft. During the proceedings, Buzz Aldrin put Apollo’s optimism in 
these terms on behalf of his crewmates. ‘““We’ve come to the conclusion that this has 
been far more than three men on a voyage to the Moon. More, still, than the efforts 
of a government and industry team. More, even, than the efforts of one nation. We 
feel that this stands as a symbol of the insatiable curiosity of all mankind to explore 
the unknown.” 

As I studied Apollo, I was always impressed at the monumental dedication of the 
people associated with the programme; people who would gladly work 16- to 18- 
hour days, 6 or 7 days a week in buildings where the 5 o’clock rush home was 
unknown, and without the weight of totalitarian dictatorship bearing down on them; 
people who felt in their bones that Apollo contained a historic significance that 
transcended its genesis; people who thought that going to the Moon was just the 
greatest, coolest thing to have ever been involved with. I count myself as having been 
hugely blessed to have lived in an age when dedication could achieve such a difficult 
goal. I rejoice that I grew to see a new form of bravery in the men who rode the 
rockets. This kind of heroism did not require that they engage in the slaughter of 
fellow men and women for the sake of an ideal, but instead it required trust in the 
brilliance, hard work and imagination of hundreds of thousands of people who 
placed them at the top of a fantastic machine that could easily kill them, but 
thankfully on most occasions, did not. Rather, it took them on a voyage of 
momentous discovery. 

Just prior to the first moonlanding, NASA commissioned film director Theo 
Kamecke to make a reflective documentary about Apollo 11’s journey. One section 
pondered on the dawn of the mission’s launch day. Over shots of sunrise, the 
narrator asked, “In what age of man will the meaning of this morning be 
understood?” The short answer is: Probably not in this age. Detractors who ask why 
Apollo should have consumed so much of America’s resources while poverty, disease 
and hatred exist in the world, are asking the wrong question. It is not in the nature of 
our species to resolve every problem before embarking on something creative, 
otherwise we would never have had impressionist art, theories of relativity or 
Egyptian pyramids. 

Perhaps Apollo was really about going and seeing what is out there; and who, as a 
child, did not want to do that? 
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Ablation 
ALFMED 


AGS 


ALSEP 
AOT 


Apogee 
Apolune 
APS 


APS 
ARIA 
ASI 
Attitude 


Azimuth 


See FDAT. 

The process whereby a substance is removed by charring and erosion 
under great heat. Used in Apollo heatshields. 

Apollo light flash moving emulsion detector. Film-based apparatus 
used on Apollo 16 and 17 to try to correlate high-energy particle 
events with crew reports of visible light flashes. 

Abort guidance system. Pronounced ‘aggs’. This was a simplified 
guidance system in the LM that was intended to guide the ascent 
stage back to a safe orbit should the primary guidance system fail. 
Apollo lunar surface experiment package. Scientific instruments 
deployed on the lunar surface by Apollos 12 and 14 through 17. 
Alignment optical telescope. The optical instrument used in the LM 
to allow its guidance platform to be aligned using the stars. 

The highest point of an orbit around Earth. See also ‘Perigee’. 

The highest point of an orbit around the Moon. See also ‘Perilune’. 
Auxiliary propulsion system. Modules attached to the S-IVB to 
provide attitude control of the stage when the main engine was not 
running, and roll control when it was. 

Ascent propulsion system. The single engine and its associated 
engineering that lofted the LM ascent stage off the Moon and into 
lunar orbit. 

Apollo range instrumentation aircraft. EC-135 jets, based on the 
Boeing 707, used for Apollo communications where required and 
where there were no ground stations. 

Augmented spark igniter. An electrically-powered ignition source, 
essentially a spark plug, that operated within a J-2 engine to 
maintain a flame. 

The direction a spacecraft is pointing at a particular moment in time, 
i.e. its orientation. Usually measured against some kind of reference 
orientation. 

In the context of launch from Earth, it is the heading, stated with 
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BSLSS 


BMAGs 


BPC 


CDH 


Cislunar space 
CM 


CMC 


CMP 


COAS 
Control 


CSI 


CSM 
DAP 


Dead band 


DEDA 


respect to true north, that the launch vehicle flew from the launch 
pad. Apollo 11 was launched on a flight azimuth of 72 degrees. 
Buddy secondary life support system. This was a hose arrangement 
that allowed a crew on the lunar surface to share cooling water in an 
emergency. 

Body mounted attitude gyros. A set of strapped-down gyros that 
formed the attitude reference for the SCS, the backup control 
system. Being strapped down meant that they measured rate of 
change of attitude rather than absolute attitude. The latter was 
derived from them electronically. 

Boost protective cover. A shroud attached to the launch escape tower 
which covered the command module during ascent through the 
atmosphere. 

Constant delta height. The second manoeuvre in the conventional (2- 
orbit) rendezvous sequence. It shaped the LM’s trajectory to run a 
constant 28 kilometres below the CSM’s orbit. 

The region of space around Earth out to the distance of the Moon. 
Command module. The only part of the Apollo system that made 
the entire trip to the Moon and back again by virtue of its 
heatshield. It was where the crews were housed for most of the 
mission. 

Command module computer. The computer system in the CSM which 
ran software called Colossus. The command module had two 
DSKYs to operate this machine. 

Command module pilot. Crewman responsible for the operation of 
the CSM under the commander. He flew the spacecraft during 
docking, engine burns and re-entry. 

Crewman optical alignment sight. An optical aid, rather like a 
gunsight, that provided a calibrated line of sight to a target. 

A console within the MOCR concerned with the hardware on the 
LM that dealt with guidance, navigation and control. 

Coelliptic sequence initiation. The first manoeuvre in the conven- 
tional (2-orbit) rendezvous sequence. It placed the LM in an 84- 
kilometre circular orbit. 

Command and service module. The unitary Apollo spacecraft right up 
until the time of re-entry. 

Digital autopilot. A computer routine that maintained the space- 
craft’s attitude within the dead band around an ideal figure. 

The degree of tolerance around an ideal attitude within which the 
DAP did not try to actively correct any attitude error. The width of 
the dead band could be set to be either ‘2 degree or 5 degrees from 
ideal, depending on how accurately the spacecraft needed to be 
pointed. 

Data entry and display assembly. A simple keyboard and display unit 
to allow the LMP to operate the AGS. 
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Descent orbit insertion. A manoeuvre to insert the spacecraft into a 
17 by 110-km orbit from which the descent to the Moon would 
commence. 

Descent propulsion system. The LM’s largest engine, mounted in the 
descent stage. It was remarkable by being throttleable. 

Data storage equipment. A multitrack digital and analogue recorder 
that stored a suite of engineering data from around the spacecraft as 
well as the voices of the crew. 

Display and keyboard. Pronounced ‘diss-key’. The unit used to 
communicate with the spacecraft’s computer. 

Electrical control assembly. A subsystem within the LM that allows 
the crew to control which battery supplies power to which power 
bus. 

Environmental control system. A collection of subsystems that took 
care of the spacecraft’s temperature and air supply. 

Emergency detection system. Sensor system that detected when the 
Saturn launch vehicle was flying outside predetermined limits. It 
could automatically initiate an abort or present enough information 
to the crew to allow them to initiate it. 

The material that is ejected from a site during the formation of a 
crater. Such is the energy of a cosmic impact that it forms an 
explosion. The impactor is generally vaporised while the target rock 
is blasted outwards as ejecta. 

Earth landing system. This was primarily the parachutes and their 
deployment systems that ensured a safe landing on the ocean. 

An arbitrary altitude of 400,000 feet or 121.92 kilometres at which 
NASA’s trajectory experts deemed re-entry had begun for the sake 
of flight path calculations. 

Extravehicular activity. The practice of leaving the pressurised 
confines of a spacecraft to go outside wearing a spacesuit. 

A device for losing excess heat from the spacecraft through the 
evaporation of water. 

Flight director/attitude indicator. Also known as the 8-ball, this was 
one of the major instruments on the main display console. It 
consisted of a ball and a set of needles. The ball was rotated by the 
guidance system so that its orientation matched the orientation of 
the IMU platform. The associated needles show rates of rotation or 
they indicate go-to directions. 

Flight dynamics officer. A console within the MOCR concerned with 
planning the CSM’s trajectory to the Moon. 

A trajectory to the Moon which includes the inherently safe option 
of returning to Earth without any propulsion. 

A device that reacted two replenishable chemicals together to 
produce electricity. On the Apollo spacecraft, hydrogen and oxygen 
were used. 
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GNC 


G&N 
Guido 
Heliocentric 
HTC 
Hypergolic 


IMU 


Inertial 


KSC 


LCRU 


LEC 


LET 


LGC 


LH, 


LM 


Guidance, navigation and control. The process of determining where a 
spacecraft is, where you want it to go and how you get it there. It is 
also the term for one of the flight controller consoles in the MOCR 
concerned with the equipment in the command module for carrying 
out this function. 

Guidance and navigation. The process of determining where a 
spacecraft is to go and where it is at a particular time. 

A console within the MOCR concerned with planning the space- 
craft’s trajectory. Pronounced as ‘guy-doe’. 

An orbit around the Sun, or one that is Sun-centred. 

Hand tool carrier. A small, three-legged truss structure that held 
tools used on the lunar surface like hammer, corer, shovel and tongs. 
It also had a bag in the centre for rock samples. 

A family of propellants that have the useful property of igniting 
spontaneously when brought into contact with each other. A 
ubiquitous example is hydrazine fuel and nitrogen tetroxide. 
Inertial measurement unit. Attitude reference system consisting of a 
gyroscopically stabilised platform and a set of supporting nested 
gimbals. 

A mode of attitude control that maintains a fixed attitude with 
respect to the stars. 

Kennedy Space Center. Named after the assassination of President 
Kennedy, this refers to the facilities that were laid out at the north 
end of Merritt Island in Florida to support Apollo/Saturn launches. 
It lies next to the military rocket launch site at Cape Canaveral, itself 
temporarily renamed Cape Kennedy. 

Lunar communications relay unit. An electronic package mounted 
on the lunar rover that dealt with all communication between the 
crew and mission control. Functions included voice, biomedical, 
telemetry, television and remote control commands for the TV 
camera. 

Lunar equipment conveyor. A looped strap affair with a simple pulley 
used on the first two landings to transport equipment and samples 
between the LM cabin and the lunar surface. 

Launch escape tower. A tower fitted to the top of the command 
module that carried a powerful solid rocket motor. In the event of a 
launch abort in Earth’s atmosphere, it pulled the CM clear of a 
failing launch vehicle. 

Lunar-module guidance computer. The computer system in the lunar 
module which ran software called Luminary. 

Liquid hydrogen. The fuel used in the S-II and S-IVB stages of the 
Saturn V. 

Lunar module. The two-stage landing craft used to take crewmen 
from lunar orbit to the surface, sustain them during their exploration 
and return them to the CSM. Pronounced as ‘lem’. 
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Lunar module pilot. Second crewman in the lunar module. He did not 
actually pilot the LM but acted as a flight engineer and co-pilot, 
aiding the commander in the LM’s operation. 

Lunar orbit rendezvous. The name of the mode by which Apollo got to 
the Moon. It required that two spacecraft rendezvous in lunar orbit. 
Liquid oxygen. Used as an oxidiser in all three Saturn stages. 
Pronounced as ‘locks’. 

Laser ranging retro-reflector. An array of cube corner reflectors that 
will return a laser pulse sent from Earth. Extremely accurate timings 
of the returned pulse allow the Moon-Earth distance to be 
determined with exquisite accuracy. 

Lunar roving vehicle. Electric powered car that was added to the final 
three landing missions to facilitate a greater range of surface 
exploration. 

The scientific name derived from Latin given to the smooth dark 
areas of the Moon, commonly called ‘seas’. Pronounced as ‘maa- 
ray’. 

The plural of mare. 

Modular equipment transporter. A two-wheeled cart used on Apollo 
14 to carry tools, cameras and rock samples during their walking 
traverses. 

Mission operations control room. Pronounced to rhyme with ‘poker’. 
Often termed ‘mission control’, it was the hub of the flight control 
effort during a mission and was supported by various nearby rooms 
in the task. 

National Aeronautics and Space Administration. American agency 
that was created in 1958 to maintain US space effort in the civilian 
realm. In 1961, it was tasked with running the Apollo programme. 
An expression referring to a particular register, or set of registers 
within the Apollo computer. 

A mode of attitude control that maintains a fixed attitude with 
respect to the ground, making the same side of the spacecraft always 
face the surface below. 

Oxygen purge system. An emergency package of oxygen contained in 
two high-pressure bottles. It was carried on top of the back packs 
during lunar surface forays. The CMP also carried it while retrieving 
film canisters during their return to Earth. 

Orbital rate display, Earth and lunar. An add-on box installed during 
flight that made the spacecraft’s attitude displays show attitude with 
respect to the ground. 

Pre-advisory data. A list of numbers and other information read by 
Capcom to the crew. Typically, this data pertained to an upcoming 
burn, an abort procedure or other manoeuvre that required precise 
numerical control. It was customary for the crew to read the PAD 
data back as a check. 
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Retro 


Retrograde 


RP-1 


RTCC 


RTG 


SCS 


SECS 


SEVA 


S-IC 


Powered descent initiation. The moment of ignition of a long burn 
that took the lunar module out of lunar orbit and onto the surface. 
The lowest point of approach to the Moon of a body coasting in 
from beyond the Moon’s sphere of influence. 

The lowest point of an orbit around Earth. See also ‘Apogee’. 

The lowest point of an orbit around the Moon. See also ‘Apolune’. 
Primary guidance and navigation system. Pronounced ‘pings’. This 
was the LM’s means of knowing where it was, and of getting to 
where it wanted to go. It was broadly similar to the computer, IMU 
and optical G&N system in the command module. 

Reaction control system. A collection of small rocket engines 
arranged around a spacecraft to control its attitude and allow small 
translation manoeuvres. 

Reference to a stable member matrix. A definition of an orientation 
in space according to which the stable member of an IMU (_e. the 
platform) could be aligned. 

The surface layer of rubble and dust that is draped across the 
Moon’s entire surface. It builds up over huge expanses of time to 
depths of a few metres. 

A console within the MOCR concerned with plotting possible 
trajectories for a return to Earth. 

1. An orbit whose motion is in the opposite direction to the rotation 
of the body around which it is orbiting. 2. An engine burn whose 
thrust is counter to the motion of the spacecraft. Used to slow the 
spacecraft down. 

Rocket propellant-1. The type of highly refined kerosene (or paraffin) 
used as fuel in the first stage of the Saturn V. 

Real-time computer complex. A large room within the mission 
control centre in Houston filled with IBM 360 mainframe computers 
that supported the data processing needs of a flight. 

Radioisotope thermoelectric generator. Power supply for the ALSEP 
suite of science instruments deployed on five of the landing missions. 
It generated electricity by direct conversion from heat from a 
radioactive plutonium source via an array of thermocouples. 
Stabilization and control system. The command module’s backup to 
the G&N system. It had its own gyroscopes for attitude reference, 
the BMAGs. 

Sequential event control system. Automatic system for controlling the 
timing of complex and perhaps fast events. 

Stand-up extravehicular activity. Only ever carried out once (by 
David Scott on Apollo 15), this was the practice of depressurising the 
LM so an astronaut wearing a spacesuit could stand on the ascent 
engine cover and examine the landing site with his head and torso 
peeking out of the overhead hatch. 

The first and most powerful stage of the Saturn V launch vehicle. 
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The second stage of the Saturn V launch vehicle. 

Scientific instrument module bay. A package of scientific instruments 
and cameras built into the previously empty ‘sector 1’ of the service 
module. 

The third stage of the Saturn V launch vehicle. It was also used as the 
second stage of the Saturn IB. 

Spacecraft/LM adapter. Pronounced ‘slaw’. A conical shroud below 
the service module that housed the lunar module throughout launch. 
Service module. A cylindrical section of the Apollo spacecraft that 
housed most of the consumables and propulsion systems. 

Service propulsion system. The large engine and associated control 
system of the service module. 

Trans-Earth injection. A major rocket burn made to send a 
spacecraft on a trajectory to Earth. 

Translunar injection. A major rocket burn made to send a spacecraft 
on a trajectory from Earth orbit to the Moon. 

Terminal phase initiation. A manoeuvre that set the LM on a 
trajectory, known as the terminal phase, that would intercept the 
CSM across 130 degrees of orbital travel. 

Thrust vector control. The ability to modify the direction of thrust 
usually by swivelling the engine nozzle. On Apollo, it compensated 
for changes in the vehicle’s centre-of-mass rather than for steering. 
Universal hand tool. Tool carried on the lunar surface that was 
designed for a variety of tasks. 

Brewer’s term for the part of a barrel not filled with liquid. In 
rocketry, an ullage burn settles liquid propellant to one end of its 
tank. 

Vehicle assembly building. The 160-metre box-shaped structure at the 
focus of Kennedy Space Center where the components of the Saturn 
V launch vehicle were stacked. 

A numerical code interpreted by the Apollo computer as an 
instruction. 
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Throughout the Apollo programme, engineers continually improved the software as 
operational experience was gained and flights became increasingly sophisticated. 
This is the list of programmes used on Apollo 15’s command module computer 
(CMC) and lunar module guidance computer (LGC) 


CMC 

POO Idling program. This essentially has the computer do nothing. In fact, 
important background tasks continued to run. For example, the state vector 
was updated as necessary and the spacecraft’s attitude maintained within the 


dead band. 
PO1 Initialisation program. For prelaunch or to restart the G&N system. 
P02 Gyrocompassing program. A second stage in the initialisation process used 


this program to set the IMU orientation for launch. If it received a signal 
that launch had occurred, it moved onto P11. 

P03 Optical verification of gyrocompassing. Used within P02 to allow the IMU 
orientation to be checked optically. 

P06 Power down program. This only put the computer in a low-power standby 
mode where it could maintain mission time for up to 23 hours. To turn off 
the computer, the crewman had to pull a circuit breaker. 

Pll Earth orbit insertion monitor program. This allowed the crew to monitor 
their ascent from the launch pad all the way to Earth orbit. It drove the 
needles on the FDAI to show the difference between the desired and actual 
attitudes as the ascent progressed. It also displayed their height, speed and 
vertical speed. 

P15 TLI initiate/cut-off. Although the TLI burn was controlled by the Saturn’s 
own guidance system, P15 provided a backup method of initiating the TLI 
sequence and monitoring its progress. 

P20 Universal tracking. If the spacecraft needed to aim its nose or some 
instrument at a target, P20 performed that function. Also if it had to rotate 
around an axis, as with the passive thermal control roll, P20 could execute 
the maneuver. 
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P21 


P22 


P23 


p24 


P27 


P29 


P30 


P31 


P32 


P33 


P34 


P35 


P36 


P37 


P40 


Ground track determination program. P21 used the state vector to calculate 
the latitude, longitude and altitude of the spacecraft at a specified time. It 
gave the crew a method to look ahead and see where their trajectory was 
taking them. 

Orbital navigation program. This program provided navigational links 
between the spacecraft and the planet below. By sighting on known 
landmarks, the geometry of the orbit or the values for the state vector could 
be more accurately determined. Conversely, the coordinates of a landmark 
could be determined if the onboard state vector was known to be good. 
Cislunar midcourse navigation program. With this program, measurement of 
the angle between a planet’s horizon and a star allowed the spacecraft’s state 
vector to be determined. 

Rate-aided optics tracking program. This program could aim the optics at a 
known landmark and track it as the spacecraft moved along in its orbit. 
Computer update program. If mission control needed access to the computer, 
the crew would place the Uptelemetry switch to Accept and run program 27. 
Time of longitude. By entering a longitude value into P29, the computer 
would return the time that the spacecraft would pass over that meridian. 
External delta-v program. This was the first of a set of programs that dealt 
with the spacecraft’s propulsion. If the crew had details of an upcoming 
burn given to them by the flight plan or read up to them in the form of a 
PAD, then P30 would allow these parameters to be entered into the 
computer. 

Height adjustment manoeuvre program. If one side of an orbit needed to be 
raised or lowered, this program would calculate the burn to achieve it. The 
burn would be carried out on the opposite side of the orbit. 

Coelliptic sequence initiation program. If the CSM had to carry out a 
coelliptic-type rendezvous, then P32 to P35 handled the various manoeuvres 
involved. This program calculated the parameters of the first of these, the 
coelliptic sequence initiate burn. 

Constant delta height program. In the same vein as above, this program 
calculated the parameters associated with a CSM constant delta-height 
burn. 

Terminal phase initiation program. For the final part of a full coelliptic-type 
rendezvous, this program calculated the parameters of the terminal phase 
burn for the CSM. 

Terminal phase midcourse program. Once the terminal phase was established 
for the CSM, this program dealt with the midcourse burns as it approached 
the LM. 

Plane change program. This program handled the burn required if the CSM 
needed to change the plane of its orbit. 

Return to Earth. If the spacecraft was outside the lunar sphere of influence 
and had lost radio contact with Earth, P37 could compute a trajectory that 
would return to Earth. 

SPS program. This is the first of a series of programs concerned with 
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propulsion. This program handled the preparation for an SPS burn, the 
burn itself and its termination. 

RCS program. This program handled the preparation for an RCS burn, the 
burn itself and its termination. 

Thrust monitor program. If a burn was not being controlled by the computer, 
this program would allow the computer to monitor the acceleration from 
the burn. 

Platform alignment. If the orientation of the IMU platform was unknown, 
then P51, along with sightings on stars or planets, could be used to reorient 
it in accordance with the current REFSMMAT. 

Platform realignment. If the IMU platform required realignment from a 
known orientation, then P52 was used. Like P51, it required the crewman to 
align the sextant on two stars. 

Backup platform alignment. This program was identical to P51 except that 
an alternative optical device, e.g. the COAS, was used. 

Backup platform realignment. This program was similar to P52 except that 
an alternative optical device was used. 

Entry — preparation program. In the CMC, the P6X series of programs were 
concerned with re-entry into Earth’s atmosphere. P61 dealt with preparation 
of the IMU and the computer for re-entry. 

Entry — CM/SM separation and pre-entry manoeuvre program. This program 
handled the computer’s tasks while the command module and service 
module were separated. It then orientated the CM in the correct attitude for 
entry. 

Entry — initialisation program. This was entered prior to the start of re-entry. 
It continued to hold the CM in the correct attitude for entry and it set up the 
displays that the crew would use. It then awaited a signal that indicated a 
deceleration of twentieth of a g, at which point, it passed control to P64. 
Entry — post 0.05-g program. This controlled the first part of the re-entry and 
essentially ensured that the spacecraft was slowed to below orbital velocity. 
Once achieved, it moved the computer either to P65/66 if a skip trajectory 
was being flown or to P67 if not. 

Entry — upcontrol program. This maintained guidance while the spacecraft 
followed the rising part of a skip trajectory. If the drag on the CM showed 
that it had left the sensible atmosphere, the computer moved to P66. 
Otherwise it passed control to P67. 

Entry — ballistic program. If the spacecraft had exited the atmosphere after a 
skip, this program maintained its attitude and waited until the deceleration 
rose back to fifth of a g. It then moved the computer to P67. 

Entry — final phase program. This program’s main task was to steer the CM 
to the splashdown point. It did so by rolling the spacecraft so as to aim the 
lift vector up or down with a small degree of left/right adjustment possible. 
LM Coelliptic sequence initiation program. P72 to P75 are identical to the 
sequence of programs P32 to P35 except that they were intended to 
calculate the LM’s manoeuvres as a backup. The resulting parameters were 
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P33 


read to the LM crew to check that they agreed with their independent 
calculations. 

LM Constant delta height targeting program. 

LM Terminal phase initiation targeting program. 

LM Terminal phase midcourse targeting program. 

Target delta-v program. The CMC could keep a copy of the LM state vector 
in its memory. By using P76, this copy could be updated with the results of a 
burn of the LM’s engines. 

CSM target delta-v program. Usually when the CSM made a burn, its effect 
was measured by the Average-g routine so that the state vector would be 
updated automatically as the burn progressed. If a burn was made without 
Average-g running, its effects could be implemented in the state vector using 
P77 

Final rendezvous program. This last program in the list merely aimed the 
CSM at the LM during rendezvous and displayed the range to the LM and 
the closing speed. 


LGC idling program. Same as CMC. 

LGC power down program. Same as CMC. 

Powered ascent program. Just as P11 in the CMC dealt with ascent from 
Earth, this program dealt with ascent from the Moon. The main difference 
was that whereas P11 was primarily for backup and monitoring, P12 on the 
LGC was in full control of the entire lunar launch, ascent and insertion into 
orbit. 

Rendezvous navigation program. This kept the LM and its rendezvous radar 
aimed at the CSM so that the radar data could be used in navigation 
calculations. 

Ground track determination. Same as CMC. 

Lunar surface navigation program. While the LM was on the Moon, P22 
could point the rendezvous radar at the CSM and track it. Furthermore, its 
data could be used to update the CSM’s state vector if need be. 

Preferred tracking attitude program. This computes an appropriate attitude 
for the LM so that the CSM will be able to track its beacon. The program 
will manoeuvre the LM to that attitude. 

LGC update. Allows either the crew or mission control to enter data directly 
into the LGC’s memory. 

External delta-v program. If a time-of-ignition and velocity change required 
of a burn are given to this program, then it will compute the other 
parameters associated with such a burn. 

LM coelliptic sequence initiation program. P32 to P35 handled the series of 
manoeuvres required to execute a coelliptic-type rendezvous. This program 
calculated the parameters of the first of these, the coelliptic sequence initiate 
burn. 

LM constant delta height program. In the same vein as above, this program 
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calculated the parameters associated with the LM’s constant delta-height 
burn. 

LM terminal phase initiation program. For the final part of a full coelliptic- 
type rendezvous, this program calculated the parameters of the LM’s 
terminal phase burn. 

LM terminal phase midcourse program. Once the terminal phase was 
established, this program dealt with the midcourse burns as the LM 
approached the CSM. 

DPS program. This program handled burns by the LM’s main engine, the 
descent propulsion system. Note that this does not include the powered 
descent to the Moon’s surface. 

RCS program. This program handled burns by the LM’s reaction control 
system. 

APS program. This program handled burns by the LM’s smaller engine, the 
ascent propulsion system. 

Thrust monitor program. Same as CMC. 

Platform alignment. Same as CMC except star sightings are taken using the 
LM’s alignment optical telescope. 

Platform realignment. Same as CMC except star sightings are taken using 
the LM’s alignment optical telescope. 

Lunar surface platform alignment. This program 1s for platform alignments 
carried out on the surface of the Moon. 

PDI braking phase program. The entire landing on the Moon was controlled 
by three computer programs, P63, P64 and P66. The first of these controlled 
the spacecraft from 10 minutes prior to PDI, through the moment of 
ignition and then for the first 9 minutes of the burn until high gate. Then 
P64 took over. 

PDI approach phase program. This program took the LM from high gate to 
low gate. It gave the commander an opportunity to see the landing site and 
redesignate it if necessary. 

PDI landing phase program. Approximately 50 metres above the lunar 
surface, control was passed to P66 to give the commander control of 
attitude and the rate of descent. 

Landing confirmation program. As soon as the LM had landed, this program 
was selected to turn the LM from a flying machine to a home on the Moon. 
Its prime task was to stop the RCS jets firing. 

Abort program for the DPS. This program was entered by pressing the abort 
pushbutton or by keyboard entry. If the PGNS was healthy, it controlled 
the DPS to begin the procedures for an abort. 

Abort program for the APS. This program was entered by pressing the abort 
stage pushbutton or by keyboard entry. If the PGNS was healthy, it 
controlled the APS to begin the procedures for an abort. 

CSM Coelliptic sequence initiation program. P72 to P75 are identical to the 
sequence of programs P32 to P35 except that they were intended to calculate 
the CSM’s manoeuvres as a backup. 
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P73 
P74 
P75 
P76/77 


P99 


CSM Constant delta height targeting program. 

CSM Terminal phase initiation targeting program. 

CSM Terminal phase midcourse targeting program. 

CSM/LM state vector update program. This program allowed the LGC’s 
copy of the CSM or LM state vector to be updated with the results of a 
burn. 

Guided RCS burn. This special program was uplinked into the computer’s 
erasable memory only after the crew had returned to the CSM. Its function 
was to use the RCS jets to guide the ascent stage to an accurate impact with 
the lunar surface. 
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Apollo 7 
CDR: 

LMP: 

CMP: 
Launched: 
Earth landing: 


Mission purpose: 


Apollo 8 
CDR: 

LMP: 

CMP: 
Launched: 
Earth landing: 


Mission purpose: 


Apollo 9 
CDR: 

LMP: 

CMP: 
Launched: 
Earth landing: 


Mission purpose: 


Apollo 10 
CDR: 

LMP: 

CMP: 
Launched: 
Earth landing: 


Mission purpose: 


Walter M. ‘Wally’ Schirra 

R. Walter ‘Walt Cunningham 
Donn F. Eisele 

15:02:45 GMT, 11 October 1968 
11:11:48 GMT, 22 October 1968 
Test of the CSM in Earth orbit. 


Frank F. Borman II 

William A. Anders 

James A. Lovell Jr. 

12:51:00 GMT, 21 December 1968 
15:51:42 GMT, 27 December 1968 
CSM mission to lunar orbit. 


James A. McDivitt 

Russell L. ‘Rusty’ Schweickart 
David R. Scott 

16:00:00 GMT, 3 March 1969 

17:00:54 GMT, 13 March 1969 


Full test of CSM/LM in Earth orbit. 


Thomas P. Stafford 

Eugene A. Cernan 

John W. Young 

16:49:00 GMT, 18 May 1969 
16:52:23 GMT, 26 May 1969 


Dress rehearsal of lunar landing mission. 
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Apollo 11 
CDR: 

LMP: 

CMP: 
Launched: 
Lunar landing: 
Lunar lift-off: 
Earth landing: 


Mission purpose: 


Apollo 12 
CDR: 

LMP: 

CMP: 
Launched: 
Lunar landing: 
Lunar lift-off: 
Earth landing: 


Mission purpose: 


Apollo 13 
CDR: 

LMP: 

CMP: 
Launched: 
Earth landing: 


Mission purpose: 


Apollo 14 
CDR: 

LMP: 

CMP: 
Launched: 
Lunar landing: 
Lunar lift-off: 
Earth landing: 


Mission purpose: 


Apollo 15 
CDR: 

LMP: 

CMP: 
Launched: 
Lunar landing: 
Lunar lift-off: 


Neil A. Armstrong 

Edwin E. ‘Buzz’ Aldrin Jr. 

Michael Collins 

13:32:00 GMT, 16 July 1969 

20:17:39 GMT, 20 July 1969 

17:54:00 GMT, 21 July 1969 

16:50:35 GMT, 24 July 1969 

First lunar landing on Mare Tranquillitatis. 


Charles ‘Pete’ Conrad Jr. 

Alan LaVern Bean 

Richard F. ‘Dick’ Gordon Jr. 
16:22:00 GMT, 14 November 1969 
06:54:36 GMT, 19 November 1969 
14:25:47 GMT, 20 November 1969 
20:58:25 GMT, 24 November 1969 
Precision landing next to Surveyor 3. 


James A. Lovell Jr. 

Fred W. Haise Jr. 

John L. ‘Jack’ Swigert Jr. 
19:13:00 GMT, 11 April 1970 
18:07:41 GMT, 17 April 1970 
Aborted mission to Fra Mauro. 


Alan B. Shepard Jr. 

Edgar D. Mitchell 

Stuart A. Roosa 

21:03:02 GMT, 31 January 1971 
09:18:13 GMT, 5 February 1971 
18:48:42 GMT, 6 February 1971 
21:05:00 GMT, 9 February 1971 
Exploration of Fra Mauro. 


David R. Scott 

James B. Irwin 

Alfred M. Worden 

13:34:00 GMT, 26 July 1971 
22:16:29 GMT, 30 July 1971 
17:11:23 GMT, 2 August 1971 


Earth landing: 


Mission purpose: 


Apollo 16 
CDR: 

LMP: 

CMP: 
Launched: 
Lunar landing: 
Lunar lift-off: 
Earth landing: 


Mission purpose: 


Apollo 17 
CDR: 

LMP: 

CMP: 
Launched: 
Lunar landing: 
Lunar lift-off: 
Earth landing: 


Mission purpose: 
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20:45:53 GMT, 7 August 1971 
Exploration of the plain at Hadley Rille. 


John W. Young 

Charles M. Duke 

Thomas K. ‘Ken’ Mattingly 

17:54:00 GMT, 16 April 1972 

02:23:35 GMT, 21 April 1972 

01:25:47 GMT, 24 April 1972 

19:45:05 GMT, 27 April 1972 

Exploration of Cayley and Descartes Formations. 


Eugene A. Cernan 

Harrison H. ‘Jack’ Schmitt 

Ronald E. Evans 

05:33:00 GMT, 7 December 1972 

19:54:58 GMT, 11 December 1972 

22:54:37 GMT, 14 December 1972 

19:24:59 GMT, 19 December 1972 

Exploration of a dark-mantled valley at Taurus-Littrow. 
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Further reading 


As a topic, space history and the Apollo programme in particular are quite well 
represented in print and on the World Wide Web. Below is a list of books and web 
resources which are recommended for any reader wishing to delve further into the 
programme. 


A Man on the Moon: The Voyages of the Apollo Astronauts, Andrew Chaikin. Viking 
Penguin Inc., 1994. 

Angle of Attack: Harrison Storms and the Race to the Moon, Michael Gray. W.W. 
Norton & Co., 1992 

Apollo, Alan Bean. Greenwich Workshop Press, 1998. 

Apollo, Charles Murray and Catherine Bly Cox. South Mountain Books, 2004. 
(Originally published by Simon & Schuster, 1989 as Apollo: The Race to the 
Moon.) 

Apollo 12: On the Ocean of Storms, David M. Harland. Springer/Praxis, 2011. 

The Apollo 11 Moon Landing: 40th Anniversary Photographic Retrospective, Dennis 
R. Jenkins and Jorge R. Frank (Compilers), Specialty Press, 2009. 

Apollo: The Definitive Sourcebook, Richard W. Orloff and David M. Harland. 
Springer/Praxis, 2006. 

Apollo EECOM: Journey of a Lifetime, Sy Liebergot with David M. Harland. 
Apogee Books, 2003. 

Apollo: The Epic Journey to the Moon, David West Reynolds. Tehabi, 2002. 

Apollo Expeditions to the Moon, Edited by Edgar M. Cortright. NASA SP-350, 1975. 

The Apollo Flight Journal, 

Website detailing the Apollo flights. http://history.nasa.gov/afj 

The Apollo Guidance Computer: Architecture and Operation, Frank O’Brien. 
Springer/Praxis, 2010. 

Apollo Image Gallery. Website where many of the photographs taken by the 
astronauts can be found. http://www.apolloarchive.com/apollo_gallery.html 

The Apollo Lunar Surface Journal. Website detailing Apollo’s exploration of the 
lunar surface, http://history.nasa.gov/alsj 

Apollo Through the Eyes of the Astronauts, Robert Jacobs, Michael Cabbage, 
Constance Moore, Bertram Ulrich (Editors), Abrams, 2009. 
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Before This Decade is Out, Glen E. Swanson. University Press of Florida, 2002. 

Carrying the Fire, Michael Collins. Cooper Square Press, 2001. (Originally published 
in 1974.) 

Chariots for Apollo: A History of Manned Lunar Spacecraft, James M. Grimwood 
and Loyd S. Swenson. NASA SP-4205, 1978. This book can be accessed online. 

Chariots for Apollo: The Untold Story Behind the Race to the Moon, Charles R. 
Pellegrino and Joshua Stoff. Avon Science, 1985. 

Countdown, Frank Borman with Robert J. Serling. Silver Arrow Books/William 
Morrow, 1988. 

Deke!, Donald K. Slayton with Michael Cassutt. Tom Doherty Associates Inc., 1994. 

Exploring the Moon: The Apollo Expeditions, David M. Harland. Springer/Praxis, 
Second Edition 2007. 

Failure Is Not An Option, Gene Kranz. Simon & Schuster, 2000. 

First Man: The Life of Neil Armstrong, James R. Hansen, Simon & Schuster, 2005. 

The First Men on the Moon: The Story of Apollo 11, David M. Harland. Springer/ 
Praxis, 2007. 

First on the Moon, Gene Farmer and Dora Jane Hamblin. Little Brown & Co., 1970. 

Flight: My Life in Mission Control, Chris Kraft. Dutton, 2001. 

Footprints in the Dust: The Epic Voyages of Apollo, 1969-1975. Colin Burgess 
(Editor), University of Nebraska Press, 2010. 

From Nazis to Nasa: The Life of Wernher von Braun, Bob Ward, Sutton Publishing, 
2006 

Full Moon, Michael Light. Alfred A. Knopf, 1999. 

Genesis: The Story of Apollo 8, Robert Zimmerman. Dell Publishing, 1998. 

Hello Earth: Greetings from Endeavour, Alfred M. Worden. Nash Publishing, 1974. 

How NASA Learned to Fly in Space: An Exciting Account of the Gemini Missions. 
David M. Harland. Apogee, 2004. 

In the Shadow of the Moon: A Challenging Journey to Tranquility, 1965-1969. Colin 
Burgess and Francis French, University of Nebraska Press, 2007. 

Into That Silent Sea: Trailblazers of the Space Era, 1961-1965, Francis French and 
Colin Burgess, University of Nebraska Press, 2007. 

The Last Man on the Moon, Eugene Cernan and Don Davis. St. Martin’s Press, 1999. 

Liftoff: The Story of America’s Adventure in Space, Michael Collins. Aurum Press, 
1988. 

Live TV: From the Moon, Dwight Steven Boniecki, CG Publishing/Apogee Books, 
2010. 

Lost Moon: The Perilous Voyage of Apollo 13, Jim Lovell and Jeffrey Kluger. 
Houghton Mifflin, 1994. 

Lunar Exploration: Human Pioneers and Robotic Surveyors, Paulo Ulivi with David 
M. Harland. Springer/Praxis, 2004. 

Lunar Impact: A History of Project Ranger, R. Cargill Hall. NASA SP-4210, 1977. 

Magnificent Desolation: The Long Journey Home From the Moon, Buzz Aldrin with 
Ken Abraham, Bloomsbury, 2009. 

The Man Who Ran The Moon: James Webb, JFK and the Secret History of Project 
Apollo, Piers Bizony, Icon Books, 2006. 
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Men From Earth, Buzz Aldrin and Malcolm McConnell. Bantam Press, 1989. 

Moondust: In Search of the Men Who Fell to Earth, Andrew Smith. Bloomsbury, 
2005. 

Moon Lander: How We Developed the Apollo Lunar Module, Thomas J. Kelly. 
Smithsonian, 2001. 

Moonlandings, Reginald Turnill. Cambridge University Press, 2003. 

Moonwalker, Charlie and Dotty Duke. Oliver Nelson, 1990. 

Moonport: A History of Apollo Launch Facilities and Operations, Charles D. Benson 
and William Barnaby Faherty. NASA SP-4204, 1978. This is available online. 
Moonshot: The Inside Story of Mankind’s Greatest Adventure, Dan Parry, Ebury 

Press, 2009. 

NASA Apollo 11 Owners’ Workshop Manual: 1969 (including Saturn V, CM-107, 
SM-107, LM-5), Christopher Riley, Phil Dolling, Haynes Publishing, 2009. 

Norman Mailer: MoonFire: The Epic Journey of Apollo 11, Norman Mailer, Taschen 
GmbH, 2009. 

The Once and Future Moon, Paul D. Spudis. Smithsonian Institution Press, 1996. 

On the Moon: The Apollo Journals, Grant Heiken and Eric Jones. Springer/Praxis, 
2007. 

On The Shoulders of Titans: A History of Project Gemini, Barton C. Hacker and 
James M. Grimwood. NASA SP-4203, 1977. This is available online. 

One Giant Leap: Apollo 11 Forty Years On, Piers Bizony, Aurum Press, 2009. 

Paving the Way for Apollo 11, David M. Harland. Springer/Praxis, 2009. 

Powering Apollo: James E. Webb of NASA, W. Henry Lambright, John Hopkins 
University Press, 1995. 

Project Apollo: The Tough Decisions, Robert C. Seamans Jr., NASA SP-4537, 2005. 
This is available online. 

Reaching for the Moon, Buzz Aldrin, Collins, 2008. 

Return to the Moon, Harrison H. Schmitt. Copernicus, 2006. 

Rocket Man: Astronaut Pete Conrad’s Incredible Ride to the Moon and Beyond, 
Nancy Conrad and Howard A. Klausner. New American Library, 2005. 

The Partnership: A History of the Apollo-Soyuz Test Project, Edward Clinton Ezell 
and Linda Neuman Ezell. NASA SP-4209, 1978. This is available online. 

The Right Stuff, Tom Wolfe. Jonathan Cape, 1980. 

Saturn V, Alan Lawrie with Robert Godwin. Apogee, 2009. 

The Saturn V F-1: Powering Apollo into History, Anthony Young, Springer/Praxis, 
2007. 

Spacecraftfilms.com. Source of high quality and unedited DVD of all the film and 
television coverage of Apollo, http://www.spacecraftfilms.com 

Stages to Saturn: A Technological History of the Apollo/Saturn Launch Vehicles, 
Roger E. Bilstein. NASA SP-4206, 1980. This is available online. 

This New Ocean: A History of Project Mercury, Loyd S. Swenson, James M. 
Grimwood and Charles C. Alexander. NASA SP-4201, 1966. This is available 
online. 

To A Rocky Moon: A Geologist’s History of Lunar Exploration, Don E. Wilhelms. 
University of Arizona Press, 1993. 
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